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REMARKS 

Claims 1, 4 5 5, 7, 10-16 and 23 are pending in this application. Claims 17-20 were 
withdrawn from consideration as being drawn to non-elected Groups and subsequently cancelled. 
By this Amendment, claim 1 is amended to recite features supported in the specification at, for 
example, page 8, lines 15-19 and page 13, lines 14-16. No new matter is added by any of these 
amendments. 

Applicants gratefully acknowledge that the rejections under 35 U.S.C §§102(e) and 112, 
second paragraph are withdrawn. Applicants also gratefully acknowledge withdrawal of the 
rejection under 35 U.S.C §103 over U.S. Patent 6,656,919 to Baugh et al ("Baugh") in view of 
"Role of Ger Proteins in Nutrient and Nonnutrient Triggering of Spore Germination in Bacillus 
subtilis", J. Bacteriology, May 2000 (vol. 182, no. 9), pp. 2513-2519 by Paidhungat et al. 
("Paidhungat") and U.S. Patent 6,506,803 to Baker Jr. et al ("Baker"). 

Reconsideration based on the following remarks is respectfully requested. 

I. Amendment Entry After Final Rejection 

Entry of this amendment is proper under 37 CFR §1.116 because the amendments: a) 
place the application in condition for allowance for all the reasons discussed herein; b) do not 
raise any new issues requiring further search or consideration; c) place the application in better 
condition for appeal if necessary; and d) address formal requirements of the Final Rejection and 
preceding Office Action. 

The foregoing amendments do not raise any new issues after Final Rejection. 
Accordingly, Applicants respectfully request entry of this Amendment. 

II. Acknowledgement for References of Record 

An Information Disclosure Statement with Form PTO-1449 was filed on March 6, 2002. 
The Form PTO-1449 returned by the Examiner indicates that only the patent references (listed 
AA-AR) were considered. The Final Office Action states that the other documents (listed CA- 
CO) were allegedly not available to the Examiner and thus not considered. 
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Applicants respectfully request the Examiner to consider the back from the Examiner a 
copy of the Form PTO-1449 initialed to acknowledge the fact that the Examiner has considered 
all the cited disclosed information. In order to address the Examiner's preference for copies of 
the references not yet considered, a copy of each other document is attached. The Examiner is 
requested to initial and return to the undersigned a copy of the subject Form PTO-1449. For the 
convenience of the Examiner, a copy of that form is also attached. 

III. Obviousness Rejection under 35 U.S.C §103 

The Final Office Action rejects claims 1, 8, 10, 22 and 25 as being allegedly obvious 
under 35 U.S.C. §103(a) over U.S. Patent 3,617,178 to Clouston in view of Paidhungat and 
Baker. This rejection is respectfully traversed. 

Applicants' claims are directed generally, for example, a method for decontaminating 
contamination containing biological spores using a spore generation composition. In particular, 
independent claim 1 recites, inter alia, contacting "a spore germination composition comprising 
from about 10 mM to about 150 mM dipicolinic acid and an amount of calcium ions having a 
one-to-one ratio with the dipicolinic acid effective to cause rapid germination of the spores." 
Claim 1 further recites, inter alia, concurrently applying "a decontaminating solution comprising 
amine oxide." Applicants respectfully submit that Clouston, Paidhungat and Baker, alone or in 
combination, do not describe or suggest at least these claimed features. These arguments also 
apply to claims 4, 5, 7, 10-16 and 23 based on their dependence from claim 1 . 

Instead, Clouston discloses a method for sterilizing, disinfecting or preserving substances 
by applying hydrostatic pressure. In particular, Clouston teaches compressing a sample at a 
pressure between 100 and 20,000 psi to germinate Bacillus spores prior to heating. See, e.g., col. 
1, lines 34-42, col. 2, lines 1-14 of Clouston. Example 1 teaches a water medium; Examples 2 
and 3 describe a solution of 0.07 M potassium mono and dihydrogen phosphate, and Examples 
4-6 teach potassium phosphate. There is no teaching or suggestion in Clouston for any form of 
chemically triggered spore germination. Rather, by using physical conditions, such as 
compression, Clouston teaches away from Applicants' claimed features of a composition 
including either dipicolinic acid (DP A) or calcium ions. 
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Moreover, Paidhungat and Baker fail to compensate for the deficiencies of Baker. 
Paidhungat teaches tricistronic operons encoding proteins to germinate Bacillus and Clostridium 
bacteria. See, e.g., p. 2513, left column, lines 2-15 of Paidhungat. Further, Paidhungat compares 
efficacy for quintuple-mutant and wild-type spores between nutrient germination through 
receptor proteins of the gerA family and chemical germination using Ca - DPA chelate 
treatment. See, e.g., Abstract, p. 2515, right column, lines 22-35 and p. 2516, left column, lines 
5-1 1 and right column, lines 36-47 of Paidhungat. However, there is no teaching or suggestion 
in Paidhungat for decontaminating the spore contamination, thereby negating any motivation by 
an artisan of ordinary skill to combine the calcium ion and DPA germination of Paidhungat with 
the pressure application of Baker. 

Additionally, Baker teaches a process to inactivate microorganisms using an oil-in- water 
emulsion. Specifically, Baker discloses emulsions having an aqueous phase, an oil phase and 
surfactants, with the oil phase including oil and an organic solvent. See, e.g., col. 10, lines 46-49 
of Baker. Also, Baker teaches exemplary emulsions that include a lysogenic nanoemulsion of 
bicomponent triton tri-n-butyl phosphate (BCTP). See e.g., col. 6, lines 20-30, 14, lines 14-19 of 
Baker. Not only does Baker lack the spore germination composition of Applicants' claims, but 
Baker also fails to teach or suggest a decontaminating solution that includes amine oxide. As a 
result, the combined teachings of Clouston, Paidhungat and Baker do not describe or suggest 
Applicants' claimed features. 

Applicants assert that the Examiner's allegation that it would have been obvious to one of 
ordinary skill in the art to adjust "particular working conditions. . . is deemed merely a matter of 
judicious selection and routine optimization of a result-effective parameter" (March 5, 2004 
Office Action, p. 6, lines 26-29) is merely a conclusory statement, and that no support for such a 
statement has been provided. When relying on what is asserted to be general knowledge to 
negate patentability, that knowledge must be articulated and placed on the record. Applicants 
respectfully assert that the applied references, whether cited alone or in any combination, fail to 
teach or suggest the features directed to the spore germination composition and decontaminating 
solution, any defined quantities notwithstanding. Providing only conclusory statements when 
dealing with particular combinations of prior art in specific claims cannot support an assertion of 
obviousness. In re Lee, 61 USPQ 2d 1430, 1434-35 (Fed. Cir. 2002). 
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Thus, there is no proper motivation to combine features related to the high pressure 
application of Clouston with the tricistronic operons of Paidhungat and the oil-containing 
emulsion of Baker established in the Final Office Action, which instead relies on previous 
arguments presented in the March 5, 2004 Office Action at pp. 4-6. However, as explained 
supra, the teachings of the applied references are not sufficiently related, whether in objective or 
technique, to enable one of ordinary skill to combine their teachings, even based on alternate 
advantages from those that could be derived from reading Applicants' specification. Even 
assuming that motivation to combine the applied references is established, the combination fails 
to teach or suggest Applicants' claimed features. 

A prima facie case of obviousness for a §103 rejection requires satisfaction of three basic 
criteria: there must be some suggestion or motivation either in the references or knowledge 
generally available to modify the references or combine reference teachings, a reasonable 
expectation of success, and the references must teach or suggest all the claim limitations. See 
MPEP §706.02(j). Applicants submit that the Final Office Action fails to satisfy these 
requirements with Clouston, Paidhungat and Baker. 

For at least these reasons, Applicants respectfully assert that the independent claim is 
patentable over the applied references. The dependent claims are likewise patentable over the 
applied references for at least the reasons discussed, as well as for the additional features they 
recite. Consequently, all the claims are in condition for allowance. Thus, Applicants 
respectfully request that the rejection under 35 U.S.C. §103 be withdrawn. 

IV. Conclusion 

In view of the foregoing amendments and remarks, Applicants respectfully submit that 
this application is in condition for allowance. Favorable reconsideration and prompt allowance 
are earnestly solicited. 
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Should the Examiner believe that anything further is desirable in order to place this 
application in even better condition for allowance, the Examiner is invited to contact Applicants' 
undersigned representative at the telephone number listed below. 



Respectfully submitted, 




GerharcFW. Thielman 
Registration No. 43,186 



Attachments: 



Copy of earlier filed PTO-1449 

Copy of "other documents" (references CA-CO) 



Date: November 8, 2005 



Department of the Navy 

Naval Surface Warfare Center - Dahlgren Division 
Office of Counsel - Code XDC1 
17320 Dahlgren Road 
Dahlgren, Virginia 22448-5100 
Telephone: (540) 653-8061 
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Peptidoglycan structural dynamics during endospore germination of Bacillus subtilis 168 have been examined 
by muropeptide analysis. The first germination-associated peptidoglycan structural changes are detected 
within 3 min after the addition of the specific germinant L-alanine. We detected in the spore-associated 
material new muropeptides which, although they have slightly longer retention times by reversed-phase 
(RP)-high-pressure liquid chromatography (HPLC) than related ones in dormant spores, show the same , 
amino acid composition and molecular mass. Two-dimensional nuclear magnetic resonance (NMR) analysis 
shows that the chemical changes to the muropeptides on germination are minor and are probably limited to 
-stereochemical inversion. These new muropeptides account for almost 26% of the total muropeptides in 
spore-associated material after 2 h of germination. The exudate of germinated spores of B. subtilis 168 contains 
novel muropeptides in addition to those present in spore-associated material. Exudate-specific muropeptides 
have longer retention times, have no reducing termini, and exhibit a molecular mass 20 Da lower than those 
of related reduced muropeptides. These new products are anhydro-muropeptides which are generated by a lytic 
transglycosylase, the first to be identified in a gram-positive bacterium. There is also evidence for the activity 
of a glucosaminidase during the germination process. Quantification of muropeptides in spore-associated 
material indicates that there is a heterogeneous distribution of muropeptides in spore peptidoglycan. The 
spore-specific residue, muramic o-lactam, is proposed to be a major substrate specificity determinant of 
germination-specific lytic enzymes, allowing cortex hydrolysis without any effect on the primordial cell wall. 
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The extreme heat resistance of dormant bacterial endo- 
spores has made them an important problem in the production 
of safe foodstuffs (3). The spore cell wall peptidoglycan is 
considered to play a major role in the maintenance of heal 
resistance and dormancy (ft). Bacillus subtilis spore peptidogly- 
can is composed of two layers. A thin, inner layer called the 
primordial cell wall retains the basic vegetative cell peptidogly- 
can structure. The primordial cell wall represents 2 to 4% of 
the total endospore peptidoglycan. is not digested during ger- 
mination, and serves as the initial cell wall during outgrowth (2. 
5, 25, 29). The outer thick layer of peptidoglycan. known as the 
cortex, is characterized by several unique spore-specific fea- 
tures. Approximately 50% of the muramic acid residues in the 
glyenn strands are present in the o-lactam form (2, 24). Mu- 
ramic acid side chains are composed of 26 and 2Y/t of tet- 
rapeptide and single L-alanine. respectively (2). 

Despite their extreme dormancy and thermostability, bacte- 
rial endospores retain an alert sensory mechanism enabling 
them to respond within minutes to the presence of specific 
germinants. Spores of B. subtilis respond to at least two differ- 
ent types of gcrminativc stimuli: (i) L-alanine and (ii) a com- 
bination of L-asparaginc, glucose, fructose, and KG (AGFK) 
(34). The germination response is initiated by the interaction 
of a receptor protein with specific germinants which triggers 
the loss of spore-specific properties and the transformation of 
a dormant resistant bacterial spore into a metabolically active 
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vegetative cell. The germination process is characterized by 
sequential, interrelated biochemical events. The specific hy- 
drolysis of peptidoglycan fh the spore cortex layer is an essen- 
tial event in germination (2. 25). Its degradation removes the 
physical constraints of the cortex and allows core expansion 
and outgrowth (9. 25). As a consequence of cortex hydrolysis, 
peptidoglycan fragments can be detected in the germination 
exudate (13. 33). 

A number of bacterial spore germination-specific cortex- 
Ivtic enzymes (GSLEs) have been reported to be involved in 
cortex hydrolysis (9. 1 8-20). A gene homologous to that en- 
coding the GSLE from Bacillus ceretts has been identified and 
inactivated in B, subtilis. and the resulting mutant germinates 
more slowly than the wild type (22). Recently a germination- 
specific muramidase isolated from a germination extract of 
Clostridium perfringenx S40 has been purified and characterized 
(4). 

GSLEs have a high substrate specificity, requiring intact 
spore cortex for activity (9, 23). The muramidase from C. 
pcrfrini>ens S40, however, hydroly7.es cortical fragments but has 
a strict requirement for the presence of the muramic o-lactam 
residues (4). Thus, the GSLEs are highly specialized and may 
exist as proforms which are specifically activated during ger- 
mination (9). 

Very little is known about the mechanism by which the 
cortex is hydrolvzed during germination and the autolytic en- 
zymes involved. Muropeptide analysis provides a method for 
line chemical structural determination of spore cortex (2, 24. 
25). In this paper, we report the use of muropeptide analysis to 
determine the peptidoglycan structural dynamics which occur 
during spore* germination of B. subtilis IftK and the evidence for 
a number of dilTerent enzyme activities. 
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MATKKIAI.S AMI METHODS 

itiictfriul strains *iml >porulmi"n cundh in ns.7\TT77r\ uhuli \ UiS Nlrams um-iI in 
litis \lud> ;itc in I he I IK hiickprniiiul {2). Spccilic miit;iiinns»crc I nin.stcrrcd into 
UK hv ir;inNiorm;iiuiii willnlonot ihmmnMim;»l DNA ( I J. Spores were prepared 
;iiul stored :is pfexioiisly de.scrihed {!). 

Spore gtTmi nation. I'urilietl spores were hc;ii aclivmcU in distilled water ;il 
7l)'(" tor 45 min. Activated spores were i|imkly eooleil in iee ;iiul used within 1 li 
li»r termination e\peritnenis. Spores were .suspended ;it ;i ltn;il eoneentration o{ 
»i to 1 1 mil ml in 3D inM pnUissium |>ho>ph;ilc huller (pll 7) and prev\armed lor 
15 min lit .W helore addilion ol i -al;mine lo a I'iikiI eoneentration ol I inM. 
Con: ; nuou> rnonilorim: ol germination was carried oul by recording the decrease 

Determination uf the loss of hrut rvMStaiice during termination. ( lerminaiim! 
spore samples | IUI yi\) were added inimetlialelv to l »Ml ul ot III mM n-nlnninc 
and ineuhaled lor 25 min al ?U'C\ Alter eooliiu:. viahililx was measured by serial 
dilution and plale eountinu on nutrient aear (S). 

Preparation of spore-associated peptidojjlvean. Cierminatini: spore samples (3 
ml) were added directly to U ml ol propan- 1 -ol (prcwarmcd to Stl'C) and incu- 
bated lor 15 min at Stl'C lo Mop germination. Spores were recovered by cenlril- 
uuaiion (I4.txx» >: >s ». S min. room temperature), and resuspended in I ml of 511 
mM Tris-MCI IpH 7H'»' (wt/vol) sodium dodeeyl sulfalc-.HI mM dithiothrci- 
tol-2 mM.liDTA. boiled for Id min. and then incubated al JTC lor 4H min. 
lyptidoiilyeaii-coniaininj: insoluble materia! was recovered by cent ril'uiia lion 
( I4JHHI j», S min. room temperature) ami washed by repeated resiLspension and 
ccntrifugalion with warm [}TC) distilled water until Tree of sodium dodeeyl 
sulfate. Samples were finally resiispended in MilhO water (IS M.'U'cm) and 
stored at - 21 f'C 

Prepurulion «f termination exudate. lor the anahsis ol the germination 
exudate. 3-ml aliquots of germinalinu spore samples were ceniriluiieU ( I4.IHH) >; 
j». S min. room temperature), and the supernatant was treated lor 3 min at 1 1 HIT 
to inactivate the cortex lytic cn/ymch). The supernatant, was Itee/e-dried. re- 
suspended in I ml of MilliO water, and shired at - 2l»"C". 

KIMII'LC. amino aeid analysis, and MS. Spore-associated peplidoijlvean was 
digested with C'ellosvl and reduced with sodium bonmydrkle as previously de- 
scribed (2). (termination exudate was reduced with sodium boiohydridc I.VJ 
mpinl) alter Cellosyl digestion. Reverse-phase hieh-pressure litpiid chromatog- 
raphy (RIMIIM.C). desaltinii. amino arid analysis, and mass speelrometry (MS) 
were performed as previously reported (2). 

(iel filtration of germination exudate samples. I ree/e-dried germination ex- 
udate samples were resuspended in MilliO water ami applied to a TSK SW2(IIMl 
gel filtration column (7.S mm by 3d cm). The column was eluled with III mM 
sodium phosphate (pll iO) at tl.3 ml.'min. The ehiale was then desalted ami 
analyzed as described above. 

Nuclear magnetic resonance (NMK) analysis of murnpeptidis. Samples ol ca. 
I mM inuropepliilc were prepared in 'Ml'; 1 1. (Mir; l) ; (>. and studied al I •* lo 
.Won a Duiker DKX-5IHI spectrometer. Spectra were assigned by using two- 
dimensional (2D) correlated spectroscopy (COSY), total correlated spectros- 
copy (TOCSY). and rotating trame nuclear Overha'user ellecl spectioscopy 
(K()i:SY). which ueie acquired by using spectral widths of 12.5IH) 11/ in / : ami 
5.1 kmi 11/ in /, out 25n complex points with quadrature detection using the 
Slates- ITIM scheme. Mixing limes lor hoih TOCSY and ROHSY were HHI ms. 
Spectra were proces>cd by using I'elix "7.II (Molecular Simulations. Inc.. San 
Diego. (alii). 

RESULTS 

Changes in spore-associated peptidoglycan structure during 
germination. To avoid possible loss of muropcplidcs from ger- 
minated spores during spore extraction, only the first detergent 
treatment of the previously derived protocol was used (2). 
Alter this extraction, almost W'f of the peptidoglycan was 
soluhilized alter Cellosyl digestion. The RP-HPLC proliles of 
muropeptides from dormant and germinated spore-associated 
material (2 h after addilion of i.-alanine) are shown in Fig. 1A 
and B. During germination, >M)Cr of the originaL<i MM , was lost 
by the spore population over 2 h. The major germination- 
associated changes in neuropeptide profile comprised a de- 
crease in the muramic u-luctam-conlaining muropcplidcs, 
which are characteristic of the spore cortex (e.g., muropeptides 
(), 7. 10. and 11). and the appearance of seven novel muropep- 
tides (Fig. IB, muropeptides Gl to G7). 

RP-HPLC analysis of the germination exudate. The RP- 
HPLC profile of the germination exudate, after Cellosyl diges- 
tion, revealed the appearance of several potential muropep- 
tides (Fig. IC). Nearly all the spore-associated muropeptides 
were also found in the exudate (e.g.. muropeptides 6\ 7, 10. and 



1 1 | Fig. I B and C| ). I iowever, C { K G 10, G 1 1 . G 1 2, and G 1 3 arc 
germination exudatc-speeilic products. Approximately the 
same amounts of products labeled X were found in the germi- 
nation exudate whether digested with Cellosyl or not (Fig. IC 
and D). The resolved X peaks are not peptidoglycan derived 
since they do not contain amino acids or amino sugars (results 
not shown). The novel exudate-specilic products G c i, GIO, and 
G 13 were also resolved without Cellosyl digestion (Fig. ID), 
but their amounts increased following digestion (Fig. IC). 
Omission of borohydride reduction did not 'affect the peak 
shapes or retention times of products G l J, GIO, G12, and G13 
(Fig. IC and D and results not shown). 

Molecular weight determination of native peptidoglycan 
fragments in the germination exudate. The proliles of the 
germination exudate with (Fig. IC) or without (Fig. ID) Cel- 
losyl digestion revealed that most of the peptidoglycan is re- 
leased in the form of fragments too large to be resolved by 
RP-HPLC. Gel filtration was used to purify the native frag- 
ments (results not shown). Pcptidoglvcan-derived material was 
shown to consist of several molecular species, ranging from mlz 
L75H to 5.537.5. 

Germination by ACFK and the role of peptidoglycan and 
protein biosynthesis. Germination in the presence of AGFK 
led to neuropeptide flux comparable to that in L-alanine (re- 
sults not shown). Also, the additjon of chloramphenicol (100 
jig/ml) or penicillin G { 100 |i.g/ml) to the germination mix had 
no significant effect on the muropeptide profiles (results not 
shown). Therefore, cortex modification and hydrolysis are 
common to different germinants and are not due to the syn- 
thesis of new enzymes or peptidoglycan during germination. 

Characterization of the novel spore-associated muropep- 
tides. All of the germination-specific muropeptides (Fig. IB) 
were purified, characterized by amino acid analysis and MS 
(Table 1). identified, and quantified (Table 2). All are pepti- 
doglycan derived and have the same basic composition as dor- 
mant spore muropeptides (Table 2). Muropeptides Gl to G7 
all have their equivalents in the dormant spore, to which they 
arc ostensibly identical in terms of amino acids and MS (Tables 
I and 2. muropeptides 6, 7, 10, 11, 13, 20, and 21, respectively) 
(2). The germination-specific muropeptides all, however, show 
a characteristic increase in retention times over their dormant 
spore counterparts (Fig. 1A and B). The germination-specific 
muropeptides all have reducing termini ?nd are unaffected by 
I IF (48% [vol/vol], 24 h, 0°cf, HCU(<M, 15 min, 35°C), or 
desalting treatment prior to separation by RP-HPLC com- 
pared to the equivalent dormanl >> spore muropeptides (results 
not shown). One-dimensional NMR clearly showed the ab- 
sence of amidalion in the novel muropeptides (results not 
shown); amidalion would cause a mass change of only one 
mass unit and thus be hard to delect by MS. Further analysis by 
2D NMR showed that corresponding pairs of normal and ger- 
mination-specific muropeptides have very similar chemical 
shifts and ROESY spectra (Fig. 2 and Table 3), indicating that 
the covalent structures of the novel muropeptides arc very 
similar to those of their parent muropeptides. In particular, 
nuclear Overhauser enhancements between sugars confirmed 
that there is no alteration in linkage on germination. Thus, the 
germination-associated change is a subtle modification that 
does not affect the gross structure and is most likely a change 
in the stereochemistry at one or more chiral centers. After 2 h 
of germination, the novel muropeptides (Gl to G7) constitute 
25.S r ;; of the total spore-associated material. 

The novel germination-associated muropeptides are not the 
resuli of alanine racemase activity, as they still appeared during 
germination of/?, subtilis 1A2NK (amyll dal-1 nwtB5 sacA32J), 
which strictly requires o-alaninc for growth. Also, the addition 
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of O-carbamyl-iKscrinc (a pntcnl inhibitor of alanine race- 
masc) (26) at 1 00 jig/ml had no effect on germination kinetics 
or neuropeptide modification. 

Characterization or the novel germination exudate-specihe 
products. All products labeled in Fig. 1C are pcptidoglycan 



nf li wbiitis iViS MR spores. Muropepiide^ont'ainmu s;imptes were separated by 
sued material: (hi germinated spore^^ociated material: ((') germinal ion exudate: 



derived except those lettered X, which are also found in the 
exudate without Cellosyl diuestion (Fig. ID). Germination ex- 
udate-specific muropeplidcs IP G13 (Fig. 1C) have the 
same amino acid analysis but a characteristic mass deviation of 
-20 Da determined by matrix-assisted laser dcsorption-ioniza- 
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TABLE' 1. Calculated and observed m/z values for sodiated and deprntonatcd molecular ions of new muropeptides 

identified during H. suhiilis I6K I IK germination 

Muropeptide cornnosttinn'' 



Muropeptide* 1 



CI 
G2 

G3 
C.4 

G5 
Gfi 
G7 
OS 
G l ) 

Gin 

Gil 
G12 
GI3 



Ion 



Aiii (Da)'' 



lirror ('.V )' 



Observed 



|M 
|M 
[M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 



+ Na|* 

- HI 
+ Na|' 

- H] 
+ Na|* 

" "I 
+ Na|' 
~ H| 
+ Nal' 
-1!| 
+ NaT 
-H| 
+ Nal' 
-H| 
|M + Na|* 



|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 
|M 



H] 
+ Na|' 

+ Na|* 

- H| 

+ Na|' 

- H| 

+ Na|' 

- H| 
+ NaT 



|M - H| 



W>.4 
( )72.5 
l,3A l >.d 
1,345.7 
I.3S4.4 

!.()() ( U> 
%ft.3 
2.307.5 
2.2X3. 1 
1,802.5 
I.77S.3 
1 .429.') 
1.405.5 
1.178.4 
1,155.3 
133.4 
1 ,33*). I 
W0.5 
%().(» 
W0.4 
%f>. 1 
1.7SI.3 
1.757.1 
1,409.3 
I.3S5.I 



Calculated 



1,01 1.0 

VK7.0 
1 .383.3 
1.359.3 
1,3X3.3 
1.359.3 
1.01 1.0 

9S7.0 
2.307.2 
2.2X3.2 
I, SO 1. 7 
1 ,777.7 
1.429.4 
I,4(f5.4 
1.3X3.3 
1.359.3 
1.3X3.3 
1.359.3 
1,011.0. 

9X7.0 
kill 1.0 

9S7.0 
I .SOI. 7 
1.777.7 
1.429.4 
1,405.4 



-14.6 
-14.5 
-13.7 
-13.6 
1.1 
0.3 
-1.4 
-0.7 
-0.3 
-0.1 
- O.N 
-0.6 
0.5 
0.1 
-204.9 
-204.0 
-19.9 
-20.2 
-20.5 
-20.4 
-20.6 
-20.9 
-20.4 
-20.6 
-20.1 
-20.3 



(He 



Mur 



ft-Mur 



Clu 



0.07 

0.02 
-0/13 
-0.07 
-0.01 
-0.004 
-0.04 
-0.03 

0.03. 

0.007 



1 

0 
1 ' 
1 

0 
0 

1 

0 



Ala 



(I 
1 
1 

0 
-> 

1 

II 
1 
1 

0 
0 

1 

0 



" Numbered as indicated in Tig I. . . 

Diirerence between observed ami calculated sodialcd or deprolonaled molecular mass values. Uoldiaee numbers denote deviations where the calculated values are 
the most likely combinations of [he substituent components. 

' Calculated as |(ubser\ed mass - calculated mav.)/calculalcd massj • HH). 

'' Cile. A'-aeetyliilucosamine: Mur. .V-acetylmuramic acitl: h-Mur. muiamic n-lactam. 



tion (MALDI) reflector iimc-of-llight MS compared to dor- 
mant spore muropeptides 10. II. 20, and 21. respectively (Ta- 
bles 1 and 2) (2). As Gl I has a longer retention time than G 10, 
it may be derived from the germination-specific spore-associ- 
ated muropeptide G4 (Fig. 1C). The germination exudale- 
specific muropeptides (G9 to G13) all have longer retention 
times than their related spore, muropeptides (Fig. IC). Omis- 
sion of sodium borohydride reduction prior to RP-HPLC led 
to loss of resolution and alterations in retention time of all 
muropeptides apart from G9 to G13 (results not shown). All of 
the features of G9 to G 13 suggest that they have a l-6anhydro- 
muramic acid moiety. The positive- and negative-ion MALDI 
mass spectrum of muropeptide G12. which is the largest mass 
spectromctrically determined anhydro-muropeptide in B. sith- 
tilis* is shown in Fig. 3. The peak at mlz 1,781.3 corresponds to 
the [M + Na) + molecular ion (Fig. 3A). Several satellite peaks 
were detected and corresponded to [M + II] ' ■, |M + 2Na - 
H] + and [M + 3Na - H]' molecular ions. Further, in the 
positive-ion mode an intense fragment ion at mlz 1 .558.2 
([M + H - GlcNAc] 4 ) was determined. In the negative-ion 
mode, the base peak at mlz 1,757.1 corresponded to the mo- 
lecular ion [M - Hf (Fig. 3B). The lack of 20 Da corresponds 
to the loss of one molecule of water between carbon l and 
carbon 6 of the /V-aeetylmuramic acid and the two hydrogens 
which would have been gained by sodium borohydride reduc- 
tion. Anhydro-muropcptides have been found in gram-nega- 
tive bacteria and are known for their hydrophobic character 
and acid lability (11, 12). These muropeptides are produced by 
the action of a lytic transglycosylasc (12). G9 to G13 account 
for almost 19% of the total muropeptides in the germination 



exudate (Table 2). Interestingly, almost 55% of the dominant 
anhydro-muropcptides G l K OK), and GI3 are also present in 
the exudate without Cellosyl digestion (Fig. ID). 

Muropeptide GS is a trisaceharide tetrapeptide (Fig. IC: 
Tables 1 and 2); the missing 204 Da corresponds to an.,A/- 
aectylglucosamine moiety. GH is likely to have been generated 
by the activity of an N-acetylglucosaminidase during germina- 
tion. GS accounts for only 1.4% of total exudate muropeptides, 
and the glucosaminidase activity is therefore minor compared 
to the lytic transglycosylasc activity. 

Muramidase activity during germination? To determine 
whether a germination-specific muramidase is involved in cor- 
tex hydrolysis, as reported for C. perfringens (4), the germina- 
tion exudate RP-HPLC profiles were examined after various 
treatments. Only anhydro-muropcptides were detected by RP- 
HPLC when non-Ccllosyl-digested exudate was separated with 
or without sodium borohydride reduction (Fig. ID and results 
not shown). When the germination exudate was reduced, di- 
gested with Cellosyl, and analyzed by RP-HPLC, an increase in 
anhydro-muropcptides and the appearance of nonreduced 
tetrasaccharide alanine and tctrasaccharidc tetrapeptide were 
noted (the nonreduced muropeptides have retention times dif- 
ferent from those of the reduced forms). However, when this 
sample was reduced again after Cellosyl digestion, the RP- 
HPLC profile was comparable to that in Fig. IC. This clearly 
indicates that there is not a significant amount of muramic acid 
residues with free reducing termini in the native germination 
exudate (which would result from muramidase activity). Thus, 
it is unlikely that gross muramidase activity is involved in 
/?. suhiilis cortex hydrolysis during germination. 
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MurnpL'ptide 



hlcniiiv 
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DM 


SAM 
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6.1 
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.7 


2.3 


I3.S 


is.») 


5.7 


1.0 
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5.0 


3.0 


4.h 


1.3 
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4.S 




1.7 




: i i 




0.7 


1.0 




20.1 


^.S 


S.S 


22.0 


S.5 


13.S 


1 .5 


0.(> 




-> 


1.7 




o.s 


U.fi 
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I.I 
1.(1 


I.o 




u» 


n.fi 




h 


3.3 


4. <> 

5. h 


5.ft 
0.5 


3.5 
0.3 




(J.ft 


0.4 




0.7 


0.5 


0.4 




I.I 


.1.4 




3 






*).S 


10.7 




s.o 


12.5 




UM ■ 






1.5 


1.3 




1.4 


l.S 



3 
4 
5 
U 
7 
S 

10 
11 
12 
13 
14 
15 
IS 
l«> 
20 
21 
-n 

23 

24 

Gl 

G2 

G3 

G4 

G5 

Go 

G7 

GS 

G9' 

G10 

Gil 

GI2 

G13 



Disaccharidc tripcplidc 

Disaccharidc alanine 

Disaccharidc leirapeptide 
. Tcirasaccharidc alanine wilh open lactam 

Tcirasaccharide leirapeptide with upon lactam 

Tcirasaccharidc alanine with a reduced lactam 

Tcirasaccharidc iclrupcplidc with a reduced lactam 

Disaccharidc tripcplidc disaccharidc tetrapeptide 

Disaccharidc leirapeptide disaccharidc tetrapeptide 

Tcirasaccharidc tetrapeptide 
/Tcirasaccharidc alanine 

Mcxasaccharidc tetrapeptide with one reduced lactam 

Disaccharidc tetrapeptide Iclrasaccharkle tetrapeptide 

Hexasaccharfdc alanine with one reduced lactam 

Mcxasaccharidc alanine with one reduced lactam 

Mcxasaccharidc alanine with three acetylalions and one reduced lactam 
V Tcirasaccharidc tetrapeptide tcirasaccharidc tetrapeptide 
\lcxasaccharidc tetrapeptide 

Mcxasaccharidc alanine 

Tcirasaccharidc tetrapeptide hexasaccharide tclrapcplidc 
Octasaccharidc tetrapeptide 
Octasaccharidc alanine 

Tcirasaccharidc alanine with a reduced lactam 
Tcirasaccharidc tetrapeptide with a reduced lactam 
Tcirasaccharidc tetrapeptide 
Tcirasaccharidc alanine 

Disaccharidc tetrapeptide tcirasaccharide tetrapeptide 

I lexasaccharide leirapeptide 

Mcxasaccharidc alanine 

Trisaccharidc leirapeptide 

An h yd ro- 1 c t rasaccha ride t e l ra pc p l ide 

Anhydro-teirasaccharide alanine 

Anhydro-lcirasaccharidc alanine 

Anhydro-hcxasaccliaride leirapeptide 

A n h vd r n - he xasacc h ; i r i de alanine 



1.4 

5 

S.5 
1.5 
1.4 
2.4 



" I'cpiiiln 
I2I» min of 



^lyean was from dormant sporo (DM) «»l //. MiNilis IhK I IK. .sp.uc-a>snciakil material siller I2(».min n| pcrmiiiaiiuii (SAM), ami 
germinal ton ((11:). 
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Kinetics of peptidoglycan structural dynamics, and other 
biochemical events, during germination. The kinetics of bio- 
chemical events occurring during germination were examined 
to determine their sequential interrelationships. The dominant 
germination-associated neuropeptides, G3 and G4 (Fig. IB; 
Tabic 2), were detected 3 min after addition of L-alanine and 
increased throughout germination (Fig. 4). However, loss of 
heat resistance and absorbance were measurable within 1 min. 

Sporc-associatcd neuropeptides were quantified throughout 
germination. The percentage decreases of total muropeptides 
containing hcxasaccharides and tetrasaccharides were 42 and 
39%, respectively, within 30 min (Fig. 5). Disaccharidc alanine- s 
and disaccharidc tetrapeptide-containing muropeptides de- 
creased at a lower rate; only 18% of the initial amount was lost 
over the same period (Fig.'5). The loss of disaccharidc tripep- 
tidc-containing material (muropeptides 1 and 8) during germi- 
nation was minimal (Fig. 5). The trends in muropeptidc dy- 
namics continued over 2 h Of germination (data not shown). 
Muropeptidc quantification of the germination exudate (Table 
°) confirms the differential muropeptidc loss from the germi- 

iting spores. Indeed, teVasaccharide- and hexasaccharide- 
containing muropeptides constitute the major products found 
in the exudate (Tabic 2). The relative percentage increase of 
disaccharide-containing material in the sporc-associatcd pep- 
tidoglycan during germination (Table 2) is due not to biosyn- 



thesis of these muropeptides but ralher to the greater relative 
decrease in the muropeptides containing muramie Madam 
residues (Fig. 5). 

Germination of cwll) and other germination mutants. Ger- 
mination of AA107 (cwlD) resulted in a 409; decrease in /!„,„, 
over 2 h, but no structural alterations of the spore peptidogly- 
can occurred over this time period. The cortex of this strain has 
no muramie o-lactam residues (2. 25). Spores of strains AAI 14 
(XcrD [32]) and AAI 15 (.err/i |21]) had dormant spore pepli- 
doglycan structures comparable to that bf MR (wild type) ex- 
cept that muropeptides wilh single i.-alanine suhstituents were 
present at lower levels in AAI 15 (ecr/J). AAI 15 (errtf) germi- 
nated in i.-aianinc showed the same peplidoglycan dynamics as 
HR (wild type) and no changes in the presence of AGFK (as 
expected, as the mutant cannot respond specifically to the 
AGFUgerminants). AAI 14 {^crD (32)) germinated slowly with 
10 mMV-alanine and 10 mM KCI (35% loss of/l„ m aTter 4 h) 
and showed the same structural changes as MR (wild type) hul 
at a lower rate. 

DISCUSSION 

Specific cortex hydrolysis by the action of a GSLE is an 
essential step during endospore germination, as its removal 
allows spore core expansion and outgrowth (10. 13. 30). This 
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} IC". n Portions ol the UOl'SY spectra ol the cnrrcspimtliim dormant and germinal ion -associated iclrasaccharidc alanine murnpcptiilcs 11 and C,4 (a and b. 
rcspctflKviv) The spectra show nuclear Ovcrhauscr enhancements between ihc 2'.;imidc protons (and alanine amide proton) and other protons in ihc nu.rnpepl.dcs. 
The protons arc labeled at the top wild the identity ol ihc saccharide unit (trout A at the niinrcducing end to D at the reducing end). C hcm.cal sbill assignments for 
these muropeptides are given in Table .V 



finding is corroborated by ihc fact ih;:l the cwlD mutant has an 
altered spore cortex structure and is unable to outgrow and 
form a colony on a plate (2, 25, 28). This obser\'ation led to the 
suggestion that the muramic o-lactam residues (missing in 



n\'ID) are part of the substrate recognition profile of the GSLE 
(2, 9, 25). However, the mechanism ol cortex. hydrolysis during 
germination and the number of enzymes involved have re- 
mained obscure. 



TABLE 3. NMR chemical shin assignments for the iclrasnccharidc alanine neuropeptides 1 1 and G4 (dormant and germinating spore- 
associated, respectively) (I mM, 30°C) 



Proton 



NMR chemical shill assignment" (ppm) 



Ala 



I 1 



G4 



II 



(i4 



I! 



c;4 



ii 



G4 



(14 



3' 

Others 



Nil 

Mcthvl 
CM 

Mur Mc 
Mur CM 



4.63 
3.70 
3.56 
3.45 
3.S0 
3.91 
S.33 
2.07 



4.52 

3.71 

3.42 

3.53 

3,SK" 

3.XK'' 

S.12 

2.04 



4.73 
3.3K 
3.63 
3.S3 
3.91 
3.70 
S.00 
1.45 
4.45 



4.X4 
3.31 
3.65 
3.S6 
4.13 
3.70 
S.01 
1.44 
4.39 



4.69 
3.76 
3.43 
3.59 
3.93 
3.61 
S.33 
2.07 



4.66 
3.75 
3.58 
3.77 
3.91 
3.64 
8.35 
2.06 



3.68.3.73 

4.36 

3.94 

3.88 

3.65 

3.S0 

S.05 

2.06 

1.40 
4.22 



3.73. 3.67 

4.41 

3.96 

3.K4 

3.67 

3.84 

S.05 

1.98 

1.37 
4.19 



S.23 
1.40 
4.22' 



8.21 
1.37 
4.19 



" The saccharide units arc labeled. from A at the nonrcdueing end to D at the reducing end; A and C are /V-acctylglucosamincs. 0 is a muramic ^lactam, and D is 
a reduced muramic acid orrving alanine at the 3' position. 
" It was not possible to tell from the NMR spectrum at 3..SK ppm of Ci4 if this position corresponds to one or two protons. 
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1781.3 
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Ml 



JVM .''X 



1757.1 



B 



|M+Na-2H] 



|M+2Na-3H] 



RCi. 3. Positive (A)- anil negative (B)-ion 
reflector mode. 



MALDl mass spectrum of muropeptide C5I2 (Table* I and 2: anhydro-hexasaecharide iclrapcplidc) obtained i.i (he 



Cortex modification as reflected by changes in peptidoglycan 
structure is initiated within 3 min of addition of the gcrminant 
i.-alanine. The modification is stable and does not arise from 
amidation or hydrolytic cleavage, although it is possible that 
the modified muropeptides are then marked for hydrolysis by 
ensuing autolytic enzymes. Alternatively, the modification may 



not be essential for germination but rather has a more subtle 
role. It is clear that The cortex modification is not essential for 
loss of ahsorbance or heat resistance, because these changes 
precede the modification (Fig. 4). Furthermore, spores of the 
cwlD mutant lose heat resistance and partial ahsorbance on 
germination, even though cortex modification does not occur 
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Time after addition of L-aJaninc (min) 

FIG. 4. KintMics of biochemical cvcnls during germination ol H. stibiilis loS 
HR spores. •. percent loss of heat resistance: O. percent loss nM (< ,„: amount 
of muropepiide 03: amount of muropcplidc Ci4. 



(25, 28). Modified disaccharide-containing muropeptides arc 
not apparent, which suggests that the alteration may occur on 
the o-lactam moiety. However, the Madams in the modified 
muropeptides arc still able to be reduced, and acid hydrolysis 
(2) results in its conversion to muramic acid. Also. 2D NMR 
spectra did not reveal any alterations in o-lactam stereochem- 
istry. Similar modifications occur to muropeptides with tetra- 
or hexasaccharides and containing either a single i.-alanine or 
tetrapeptide as the side chain, implying that the change occurs 
close to the muramyl alanine and may be an alteration in 
stereochemistry. As the modification occurs only on muropep- 
tides containing the o-lactam moiety, it is likely that this moiety 
is required for the activity of the enzyme responsible for the 
modification. Such requirement for the presence of the o-lac- 
tam moiety for cortex-active enzymes has been previously dem- 
onstrated (4, 9). It is possible that cpimcrasc activity can result 
in a stable alteration in the stereochemistry of the muramic 
acid residues. 

The characteristics of the novel germination cxudatc-spccific 
muropeptides match the properties of anhydro-muropeptides, 
suggesting the involvement of a lytic transglycosylasc in germi- 
nation (12). This is the first evidence in gram-positive bacteria 
for lytic transglycosylasc activity. There are a number of lytic 
transglycosylascs in Escherichia coli which have been charac- 
terized at the molecular level (27). The recently released B. 
subtilis genome sequence has revealed the presence of a gene 
(yjbJ) which encodes a putative protein showing high identity 
(33% over 148 amino acids) to Sit, the major lytic transglyco- 
sylasc of E. coli (7). The possible involvement of YjbJ in ger- 
mination is currently being investigated. 

The anhydro-muropeptides arc almost entirely specific to 
the germination exudate, although muropcplidc G l ) is just de- 
tectable in spore-associated material (elutcd between .mu- 



Time after addition of L-aJajiine (min) 

I-'ICi. 5. Differential muropcplidc release during germination of ft subtilis InS 
WW. Amounts are calculated as a percentage of the dormant spore value. O, 
hexasaccharidc-containing neuropeptides: tetrasaccharidc-conlaining neu- 
ropeptides; ■. disaccharidc-conlaininu muropeptides with alanine or letrapep- 
licle side chains: LJ. disaccha ride-containing neuropeptides with tripeptide side 
chains. 



ropeptide 12 and G5 [Fig. IB]). The presence of anhydro- 
muropeptides predominantly in the exudate suggests that the 
lytic transglycosylasc acts mostly on released material or at 
least that which has been previously cleaved by the GSLE 
(which would result in relaxation of the stress-bearing proper- 
ties of the polymer). In E. coli. the products of lytic transgly- 
cosylasc activity are also mostly found as soluble material ( 1 5). 

The anhydro-muropeptides represent 18.8% of the total mu- 
ropeptides released after Cellosyl digestion, 55% of which 
were found free as single-unit muropeptides in the. exudate 
without digestion. The free muropeptides are likely to have 
been cleaved from the ends of the glycan strands, and thus the 
lytic transglycosylasc is an exoenzyme, processivcly hydrolyzing 
the pcptidoglycan. Anhydro-muropeptides represent 60 to 
8()%> of cell wall degradation products released from E. coli 
during autolysis triggered by cephaloridinc or trichloroacetic 
acid (17). In E. coli, anhydro-muropeptides arc involved in 
pcptidoglycan recycling and gene regulation (14, 15, 16). The 
cortex material released during germination is likely to be 
recycled during the biosynthesis of new pcptidoglycan in out- 
growing cells (31). Thus, the anhydro-muropeptides may he 
recycled and/or form part of a signalling mechanism to initiate 
new pcptidoglycan biosynthesis. We arc currently investigating 
the fate of the germination exudate muropeptides during spore 
outgrowth. 

The dormancy-maintaining function of the cortex could be 
relieved solely by the action of the lytic transglycosylasc. How- 
ever, its product's arc not found in significant levels associated 
with the germinated spores. It has been suggested that GSLEs 
may be amidases whose activity would lead to depolymeriza- 
tion of the cortex (10, 23). The remarkably low cross-linking of 
the spore cortex pcptidoglycan (2.<)% per muramic acid) would 
facilitate this process (2)'. Our study docs not reveal direct 



evidence for amidase activity during germination in the form of 
amidase products. However, although the amount of cross- 
linked cortex material decreases during germination (70% of 
tetrasaccharide tetrapeptide telrasaccharide tctrapeptide [mu- 
ropeptidc 19] is lost over 2 h), very low amounts are released 
in the germination exudate. Therefore, it is possible that ami- 
dase activity is occurring. The appearance of trisaccharidc tet- 
rapeptide suggests the activity of an jV-acetylglucosaminidase 
during germination, although at a very low level. Such an 
activity has been previously shown to be associated with broken 
spores of B. subtilis (33). B mvRaterium (13), and B. emus (33). 
Although a germination-associated muramidasc from C. per- 
frinqrns has been characterized (4), there is no evidence for 
such an activity in B. subtilis. To determine the true hydrolylic 
bond specificity of the GSLE(s); it will be necessary to use 
purified enzyme and to monitor muropeptidc changes associ- 
ated with its activity on decoated, inactivated spores. 

From the analysis of the dynamics of cortex structure during 
germination, it can be seen that cortex muropeptides contnin- 
* fng muramic o-lactam residues are lost from the spores at a 
higher rate than those without. Thus, the distribution of mu- 
ropeptides in the cortex is likely to be heterogeneous. It may be 
that the muramic ft-lactam residue concentration is greatest in 
the outer regions of the cortex and thus, hydrolysis would be 
initiated from this area, as the GSLE requires Madam for its 
activity. 

Muropeptides 1 and S are disaccharide tnpcptide and disac- 
charide tnpcptide disaccharide tetrapeptide, respectively, and 
their levels remain fairly constant throughout germination. 
They have been proposed to be part of the primordial cell wall 
which remains intact during germination, to become the basis 
of the new vegetative cell wall during outgrowth (2). It is 
possible that the primordial cell wall contains single L-alanine 
or tetrapeptide substitutions, but this has not been demon- 
strated. The primordial cell wall is more cross-linked (20%) 
than the cortex (2.9%). but it is the absence of the muramic 
o-lactam residues which renders this polymer resistant to hy- 
drolysis by GSLE(s), which cannot hydrolyzc peptidoglycan 
without this determinant (2, 25). 

Muropeptidc analysis has revealed a hitherto unexpected 
degree of complexity in the mechanism of cortex hydrolysis 
during germination of ft subtilis endospores: We are currently 
studying structural dynamics during germination of endospores 
of other species to determine if the mechanism is generic. 
Identification of the enzymes responsible for the observed ac- 
tivities will allow their role, and how they are regulated as part 
of the germination trigger mechanism, to be determined. 
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Mutations in the gerP Locus of Bacillus subtilis and Bacillus 
cereus Affect Access of Germinants to Their Targets in Spores 
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The gerPl transposon insertion mutation of Bacillus cereus is responsible for a defect in the germination 
response of spores to both L-alanine and inosine. The mutant is blocked at an early stage, before loss of heat 
resistance or release of dipicolinatc, and the efficiency of colony formation on nutrient agar from spores is 
reduced fivefold. The protein profiles of alkaline-extracted spore coats and the spore cortex composition are 
unchanged in the mutant. Penneabilization of gerP mutant spores by coat extraction procedures removes the 
block in early stages of germination, although a consequence of the permeabilization procedure in both wild 
type and mutant is that late germination events are not complete. The complete hexacistronic operon that 
includes the site of insertion has been cloned and sequenced. Four small proteins encoded by the operon 
(GerPA, GerPD, GerPB, and GerPF) are related in sequence. A homologous operon (yisH-yisQ can be found 
in the Bacillus subtilis genome sequence; null mutations in yisD and yisf, constructed by integrational inacti- 
vation, result in a mutant phenotype similar to that seen in B. cereus, though somewhat less extreme and 
equally repairable by spore permeabilization. Normal rates of germination, as estimated by loss of heat 
resistance, are also restored to a gerP mutant by the introduction of a cotE mutation, which renders the spore 
coats permeable to lysozyme. The B, subtilis operon is expressed solely during sporulation, and is sigma 
K-inducible. We hypothesize that the GerP proteins are important as morphogenetic or structural components 
of the Bacillus spore, with a role in the establishment of normal spore coat structure and/or permeability, and 
that failure to synthesize these proteins during spore formation limits the opportunity for small hydrophilic 
organic molecules, like alanine or inosine, to gain access to their normal target, the germination receptor, in 
the spore. 



Spore germination is initiated by the interaction of the ger- 
minant molecule with a receptor in the spore. The nature of 
this receptor is not yet proven, but the available evidence 
suggests that the genes of the gerA family whose products are 
required for the response to specific germinants are likely to 
encode this receptor (16, 20). The trigger reaction commits 
spores to undergo a series of successive events which result in 
the loss of spore dormancy and resistance properties. Spores of 
Bacillus cereus initiate germination in response to L-alanine or 
ribosides, of which inosine is the most effective (8). Inhibition 
of the alanine racemase activity associated with spores by O- 
carbamyl D-serine is necessary to observe maximum rates of 
L-alanine-triggered germination, as D-alanine is a competitive 
inhibitor (8). The first measurable event after commitment is 
the loss of heat resistance (a rise in spore internal pH, a release 
of monovalent ions, and a release of dipicolinic acid (DP A) 
and calcium ions from spores are also early events), and later 
events include the activation of spore lytic enzymes (7, 17), 
selective cortex hydrolysis, and rehydration of the spore core. 
The genetic analysis of spore germination has concentrated on 
Bacillus subtilis; in addition to operons required for germinant- 
specific responses, such as gerA, gerB, and gerK, genes whose 
products are required for germination in several germinants 
have been identified, such as gerD. The products of genes 
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required for the germination response to multiple types of 
germinant could represent proteins activated by the initial sig- 
nal transduction mechanism (14). Analysis of B. cereus germi- 
nation mutants has identified germinant-specific loci, such as 
gerl, a homologue of the gerA family of operons, required for 
inosine germination (5). In an attempt to isolate mutants with 
germination defects in both inosine and alanine, an operon has 
been identified which, rather than encoding a common ele- 
ment in the germination mechanism, appears to be required 
for the establishment of spore permeability properties. 

MATERIALS AND METHODS 

Strains and culture conditions. Strains used in this study arc listed in Table 1. 
Routine culture media were L broth for Escherichia coli and Oxoid nutrient 
broth for B. cereus and B. subtilis. Synchronous sporulation was by the resuspen- 
sion method (25). Conditions for spore formation and- washing and germination 
monitoring by toss of optical density (OD) and release of DPA were as previously 
described for B. cereus (5). Spores of B. subtilis were prepared and washed as 
previously described in reference 5, but germination conditions were as described 
in reference 15, except that the germination buffer was 10 mM Tris-HCl, pH 8.4, 
containing 2.24 rng of KCI ml -1 . 

Transposon mutagenesis and mutant screening. Transposon mutagenesis us- 
ing pLTVl was as described by Clements and Moir (5). The method of scoring 
potential germination mutants, modified from that of Irie et al. (10), involved 
transfer of spore-containing colonies to filter paper and thence onto agar con- 
taining specific germinants and 2,3,5-triphenyl tetrazoiium chloride, described in 
detail in reference 5. 

DNA sequencing. The sequence of B. cereus clones was determined by cycle 
sequencing by using an AB1 373A DNA sequencer. Sequences were obtained on 
both strands and were fully overlapped. Staden programs (24) were used for 
sequence assembly and analysis. 

Construction of null mutations in B. subtilis genes. Integrational mutagenesis 
of B. subtilis genes with pMUTIN4 (27) used primers internal to the affected 
genes. ForyisD, which has 399 bases in the reading frame, bases 34 to 51 and 228 
to 245 were used for forward and reverse primers, respectively, with/findllj- and 
Bam HI -bearing extensions, respectively, to allow cloning into pMUTIN4. For 
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TABLE 1. Strains and plasmids used in this study 



Strain or plasmid 



Relevant genotype and/or phenotype 



Source or reference 



Strains 
B. cereus 
569 UM20.1 
AMI 334 

B. subtiiis 
1604 

BFS3015 

BFS3037 

AM1401 

AM1402 

AM1398 

SH132 

AM1394 

AH64 

AM1423 

Plasmids 
pRSll 
pDG180 
pDG298 



trp-I Str r (wild type for this study) 
Tn917-VTVl::gerPCl 



trpC2 (laboratory wild type) 

yisF::pMVTLN4 trpC2; lacZ fusion to yisF 

>-wi)::pMUTIN4 trpC2; lacZ fusion to yisD 

pMUTIN4::yiyi ; trpC2 

pM\JTlN4::yisD trpC2 

trpC2 (parent of BFS strains) 

irpC2 sigKA19::pVOl2(Pspac-sigK) Cm T 

trpC2 sigKA19::pV012(?spac-sigK) Cm r >^::pMUTIN4 

trpC2 meiC3 bcotEwcat 

pMUnN4::yis/' trpC2 hcotEixat 



Pspac-sigF Cm r 
Fspac-sigE Kra f 
Pspac sigG Km r 



1, 5 

Transposon mutagenesis of UM20.1 



15 

This study 
This study 

1604 x DNA (BFS3015) 0 
1604 X DNA (BFS3037)" 

19 

AM1401 X DNA(SH132) fl 

A Henriques 

AM1401 x DNA (AH64) fl 



R- Schmidt (22) 

21 

26 



° Transformation cross showing the donor strain as DNA 



yisF (615 bases in coding sequence), primers extended from 123 to 141 (forward, 
with 5' Hindlll extension) and 386 to 404 (reverse, with 5' BamYU. extension). As 
discussed in reference 27, these constructions inactivate the gene and create a 
transcriprional fusion of the gene with a promoterless lacZ gene, allowing anal- 
ysis of expression. A Pspac promoter is introduced downstream of the plasmid 
inserrion. 

Permeabilization procedures. Permeabilization procedures for B. cereus were 
based on the UDS method of Brown et al. (3); spores (2 to 4 mg of dry weight 
ml"') were incubated at 37°C for 90 min in 5 raM 2-(N-cyclohexylamino)eth- 
anesulfonic acid (CHES) buffer, pH 8.6, containing 8 M urea, 70 mM ditbio- 
threitol, and 1% (wt/vo!) sodium dodecyl sulfate (SDS). The spores were then 
pelleted and washed five times with ice-cold distilled water. Spores were then 
examined by phase-contrast microscopy to confirm that they remained phase 
bright, and the permeability to lysozyme was checked by measuring the loss of 
OD at 580 nm (OD SR0 ) of an aliquot of the spore suspension incubated in NaCl 
(50 mM) with lysozyme (30 \ug roT'). This gave 30 to 40% OD loss in less than 
30 min, demonstrating that the extraction had removed coat layers sufficiently to 
allow this enzyme to penetrate to the cortex and induce cortex lysis. The per- 
meabilized spores were heat activated for 30 min at 70°C, then cooled and used 
within 2 h. 

Permeabilization of B. subtiiis spores (A. Atrih, personal communication) was 
in 10 mM Tris HC1, pH 8.5, 0.1 M NaCl, 0.1 M dithiothreitol, and 0.5% (wt/vol) 
SDS. Spore washing, confirmation of permeabilization by lysozyme, and heat 
activation were all as described for B. cereus. 

Spore coat extraction procedures. Spore coat extraction procedures with de- 
tergents or alkali were as described by Nicholson and Setlow (18). The assay of 
P-galactosidase during speculation, using methyl umbelliferyl-p-D-galactoside as 
substrate, was also as described by Nicholson and Setlow. 



RESULTS 

Isolation of the gerPl mutant of B. cereus. Pools of B. cereus 
569 UM20.1 cells carrying a chromosomal copy of Tn917- 
LTV1 were generated as described by Clements and Moir (5), 
and washed spore suspensions were prepared then enriched 
for mutants that remained chloroform resistant after incuba- 
tion in a germinant mixture of alanine and inosine. To increase 
the proportion of potential germination mutants amongst the 
survivors, the enrichment procedure was repeated. A colony 
transfer method of scoring the reduction of tetrazolium chlo- 
ride by germinating spores was used as a primary screen for 
germination mutants, by using separate plates with alanine and 
inosine as germinants. Germination mutants that were strongly 
germination defective in both alanine and inosine by this test 
were obtained from all 10 pools of mutagenized spores. How- 



ever, there was a likelihood that some of the mutants could 
contain separate transposon insertions and independent point 
mutations in separate ger genes, selected during the cycling and 
enrichment procedures. Generalized transduction mediated by 
phage CP51ts, using a Trp"*" B. cereus 569 strain as recipient, 
was used to test the linkage of the germination defect to the 
erythromycin and lincomycin resistance of the transposon. Out 
of 22 potential ger mutants tested, only for two, both derived 
from the same mutagenesis regime, was the complete germi- 
nation defect 100% linked to the transposon resistance mark- 
ers. Most strains contained combinations of a point mutation 
and a transposon mutation, separately affecting germination in 
alanine or inosine. Later work revealed that the two mutants 
were probably siblings, as they contained the identical trans- 
poson insertion, and therefore only one, strain AM1334, car- 
rying the mutation Tn917 LJVl::gerPl i is described. 

Germination behavior of the gerPl mutant. Suspensions of 
the parental strain germinate rapidly and synchronously in 
either L-alanine or inosine. In contrast, spores of AMI 334 
{gerPl) show no significant loss of OD in inosine, and the rate 
of OD loss in L-alanine is much reduced (Fig. 1A). Early events 
in germination do not proceed normally; spores lose heat re- 
sistance over a much longer timescale than normal (Fig. IB), 
and little DP A is released (Fig. 1C). It was noted that the 
slower germination behavior was reflected in a reduced colony- 
forming ability of dormant mutant spores on L Agar or nutri- 
ent agar (20 to 25% that of the wild type [2]). Heat activation 
(70°C for 30 min) improved the colony-forming efficiency of 
both types of spores approximately threefold, so that 40% of 
wild- type spores (as counted by light microscopy) formed col- 
onies, but the ratio of wild -type to mutant colony-forming 
ability remained approximately 5:1. 

Germination properties of coat-extracted spores of the 
gerPl mutant. Washed permeabilized spores were heat acti- 
vated, washed once with ice-cold water, and stored on ice. 
Their germination responses are presented in Fig. 2. Although 
loss of heat resistance in response to germinant is rapid, per- 
meabilized spore suspensions of the wild type lose much less 
OD than normal, suggesting that some late germination event 
has been inhibited by the detergent extraction. However, the 
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FIG. 1. The germination properties of spore suspensions of B. cereus 569 
(wild type) and AM1334 {gerPCl). (A) The fall in OD 5RO of B. cereus spore 
suspensions (wild type) in either L-alanine (•) or inosine (A) and of gerPCl in 
L-alanine (O) or inosine (A). (B) The loss of heat resistance (■) and fall in OD 5Rn 
(A) of spore suspensions (wild type) and loss of heat resistance (□) and OD loss 
(A) otgerPCl in inosine. (C) The release of DPA (■) and fall in OD 5ft0 (A) of 
the wild type and release of DPA (□) and fall in OD 5fto (A) of gerPCl spore 
suspensions, germinating in inosine. Panels A, B, and C represent separate 
experiments. 



mutant now responds to germinant in precisely the same man- 
ner as the wild type. This demonstrates that the components 
required for specific germinant-induced early events are still 
intact in both wild-type and mutant spores. The colony-form- 
ing efficiencies of dormant wild-type and mutant spores, after 
permeabilization, were now identical, at 10 8 per OD unit. 

Structure and resistance of gerPl spores. The retention of 
an active germination system in the gerPl mutant seen in per- 
meabilized spores suggests that the defect results from a failure 
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FIG. Z The germination properties of permeabiiized spores of B. cereus 569 
in inosine (A) or L-alanine (B). Loss of heat resistance (■) and fall in OD 5ft0 (A) 
for spore suspensions of the wild type. The open symbols represent the percent 
loss of respective properties for the gerPCl mutant spores. 



of the germinant to gain access to its normal target, rather than 
from an absence of an essential germination component. The 
properties of mutant spores were therefore examined. Trans- 
mission electron microscopy of thin spore sections revealed no 
detectable difference between the wild type and the mutant 
(data not shown), and the profile of SDS-polyacrylamide gel 
electrophoresis-separated coat proteins extracted using deter- 
gent or NaOH was unchanged (2); spores of the mutant were 
lysozyme resistant (2). The colony-forming ability of spores of 
the wild type and AM1334 after heating in water at 80°C and 
at 95°C is shown in Fig. 3A and B, respectively. The wild type 
showed an almost constant logarithmic destruction during 
heating. The unusual plating behavior of the mutant results in 
a low recovery of unheated (zero time) spores. The heating of 
mutant spores resulted in biphasic destruction curves, includ- 
ing an initial increase of recovery, presumably due to activation 
of the spores, followed by a later logarithmic reduction, which 
closely matched the inactivation kinetics of wild-type spores. 
Therefore, an initial activation of the "super-dormant 1 ' mutant 
population appears to be superimposed on a thermal denatur- 
ation profile indistinguishable from that of the wild type. The 
spore cortices of AM1334 and the wild type appeared identical 
in high-pressure liquid chromatography analysis of digestion 
products of the cortices (A. Atrih, personal communication). 
Therefore, no gross defect in either cortex or coat could be 
detected. 

Characterization of the gerP locus. Tn9i7-LTV1 has been 
designed to allow the rapid cloning in E. coli of DNA flanking 
the site of insertion, as it contains ColEl replication functions, 
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FIG. 3. Isothermal destruction curves for spore suspensions at 80°C (A) and 
at 95°C (B). Symbols: ♦, wild-type spores; ■. gerPCl spores. Suspensions of 
wild-type and mutant spores were adjusted to the same initial OD. 



an antibiotic resistance gene selectable in E. coli, and a cluster 
of restriction sites (4). Chromosomal DNA was isolated from 
AM1334, digested with EcoRl, diluted, ligated, and then used 
to transform E. coU DH5a. The plasmid recovered (pJBDl) 
contained the expected vector fragment and a 1.8-kb insert. 



Only DNA from the /acZ-proximal side of the transposon is 
recovered by this means. A \ZAP Express (Stratagene) library 
of B. cereiis chromosomal DNA containing fragments of 4 to 9 
kb from a partial Sau3A digest was constructed and probed 
with the insert fragment from pJBDl . Two hybridizing phages 
were purified, and phagemids pJBl and pJB2 were excised. 
The larger, pJBl, contained a 5.5-kb insert, encompassing the 
complete gerP region (Fig. 4). The sequence of the cloned 
region on either side of the point of transposon insertion has 
been deterrnined and deposited in GenBank (accession no. 
AF053927), This revealed a cluster of six genes (gerPA to 
gerPF) followed by a potential rho-independent terminator 
(Fig. 4). The putative operon is preceded by a small gene 
(named yisl, to correspond with its B. subtilis homologue, as 
discussed below). This gene would be transcribed in the same 
direction as gerP, but is separated from the gerP region by a 
potential rho-independent terminator. Potential ribosome 
binding sites (RBSs) are appropriately located for each open 
reading frame (ORF). Those for gerPB, gerPD, and gerPE all 
overlap with the end of the previous ORF; in contrast, there 
are two longer intergenic regions: a 52-base region between the 
stop codon oigerPB and the RBS olgerPC, which contains the 
site of transposon insertion in the gerPl mutant, and a 26-base 
region between the stop codon oigerPE and the RBS otgerPF. 
The organization and relationships between gene products de- 
scribed below suggests that the six ORFs are likely to represent 
an operon. Another ORF on the gerP-distal side of yisl, and 
read in the opposite direction, was partially sequenced and was 
found to be a homologue of yisK of B. subtilis (2). 

Four of the GerP proteins are relatively small (64 to 73 
residues), and all except GerPB have a predicted pi in the 
acidic range. The only region of hydrophobic amino acid se- 
quence long enough to represent a membrane-spanning helix 
is found at the N terminus of GerPE. The GerPA, GerPB, 
GerPD, and GerPF proteins are related in sequence, with, for 
example, 42% identity between GerPA and GerPF (Fig. 5). 
GerPB and GerPD are related, and their N-terminal half 
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FIG. 4. The gene organization of the gerP locus in B. cereiis and B. subtilis. The extent of B. cereus clones is indicated above the chromosomal region, which shows 
the point of transposon insertion. The B. cereiis gerP operon and the homologous B. subtilis operon iyisH to yisC) are shown. Figures above the B. subtilis ORFs indicate 
percentage of amino acid identity to the equivalent B. cereus ORF. 
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FIG. 5. An alignment of the primary sequences of homologous protein products of the gerP locus of both B. cereus and B. subtUis. The equivalent genes in the two 
species are adjacent in the alignment. 



shares homology with that of the GerPA-GerPF pair. The 
C-terminal half of GerPB-GerPD is less conserved, and it is 
rich in glycine, proline, and alanine residues, suggesting an 
extended structure. The GerPC protein, at 204 amino acids, 
and GerPE, at 128 residues, are encoded by the larger ORFs 
and have no homologues. 

An operon homologous to gerP is present in the B. subtiiis 
genome sequence (13) (Fig. 4). The gene organization in the 
immediately surrounding region is identical in the two species, 
except that the flanking B. subtiiis yisJ and yisB genes have no 
counterpart in this region in B. cereus. The degree of amino 
acid identity for the ORFs of the gerP operons of B. subtiiis and 
B. cereus is indicated in Fig. 4 above the B. subtiiis ORFs. 

Mutation of the yisH-yisC igerP) operon of B. subtiiis. The 
germination properties of spores of yisF andyisD mutants of B. 
subtiiis, generated by integrational inactivation with pMUTTN4 
(27), and transfer of the mutations into our laboratory strain, 
are compared with the wild-type parent in Fig. 6. Both mutants 
germinate slowly in alanine, and also slowly in the alternative 
combination of germinants for B. subtiiis, asparagine, glucose, 
fructose, and KG. The rate of OD loss is higher than that seen 
for the B. cereus mutant; the defect is less extreme in B. subtiiis. 
This behavior is matched by the normal plating efficiency of 
these mutants in B. subtiiis. Chemical permeabilization of the 
spores increased the germination rate in response to both 
germinants (Fig. 7 shows the data for germination in L-ala- 
nine). The permeabilization conditions used fori?, subtiiis were 
less harsh, and only 60% of the yisF mutant spores had been 
permeabilized to lysozyme (compared to >90% for the wild- 
type, yisD mutant, and B. cereus spores). This probably explains 
the lower response of the yisF mutant spores after chemical 
permeabilization compared to the other preparations. 

In B. subtiiis, the disruption of function of either the yisF or 
yisD gene causes a generally similar, though less extreme, de- 
fect in spore physiology to that observed in the gerPC trans- 
poson mutant of B. cereus, in which expression of the last four 
ORFs of the equivalent operon is disrupted by the transposon 
insertion. It is not known whether the less extreme defect 
introduced by thzyisD and yisF mutations in B> subtiiis reflects 
difference in the importance of these proteins in the B. subtiiis 
spore coat or whether it results from residual function of the 
intact upstream genes (or downstream genes, as an uninduced 
Vspac promoter is present) in the gerP operon in these inser- 
tional mutants. 

Consequences of introduction of a cotE mutation. A cotE 
yisF mutant was constructed to test whether permeabilization 



of the coats by introduction of a cotE mutation (6) gave the 
same result as chemical permeabilization. The lysozyme sensi- 
tivity of spores of the double mutant was corifirmed, and 
washed spores were germinated in L-alanine. Germination, as 
estimated by loss of heat resistance of spores, was increased 
twofold on introduction of the cotE mutation, restoring the 
germination response to that of the wild type (Fig. 8). 

Regulation of expression of the yisH-yisC igerP) genes of 5. 
subtiiis. Although the transposon used for B. cereus mutagen- 
esis carried a lacZ reporter, the insertion in B. cereus AM1334 
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FIG. 6. Fall in OD 5R0 of JB. subtiiis spore suspensions in 1 mM L-alanine and 
10 mM KC1 (A) or AGFK (20 mM asparagine, 8 mM glucose, 8 mM fructose, 
and 20 mM KC1) (B). Symbols: 1604 wild type; O, AM 1402 yisD\ and O, 
AM 1401 yisF. 
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FIG. 7. The fall in OD 58f , of B. subtilis spore suspensions after pcrmeabili- 
zation. Symbols for different spore suspensions are wiid-type spores; O, yisD 
(AM1402); and 0,yisF (AM1401) mutant. Open symbols represent intact, non- 
permeabilized spores. Solid symbols represent the fall in OD 5fi0 of the respective 
suspensions of permeabilized spores. 



(gerPCl) was in the wrong orientation to create a transcrip- 
tional fusion to the lacZ gene. The insertional mutagenesis in 
B. subtilis was designed specifically to create such fusions, and 
measurement oilacZ expression in AM1401 and AM1402 cul- 
tures induced to sporuiate synchronously (25), by using a sen- 
sitive fluorescence assay, reveals that expression of yisF and 
yisD is switched on at the same time, after 3 h of sporulation 
(Fig. 9). This level of expression is just detectable using a 
classical o-nitrophenyl-p-o-galactopyranoside assay, but is eas- 
ily measured with the fluorigenic substrate methylumbelliferyl- 
P-D-galactoside. 

The spatial and temporal control of gene expression during 
sporulation is mediated by successive sporulation-specific 
sigma factors. The introduction of isopropyl-p-D~thiogalacto- 
pyranoside (EPTG)-inducible versions of these sporulation 
sigma factors, under Pspac control, resulted in expression of 
yisD on induction of sigma K, but not on induction of sigmas E, 
F, or G. (Fig. 10). Similar results were obtained ioxyisF (data 
not shown). Examination of the sequence upstream of the first 
gene of the cluster in both species reveals sequences that could 
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FIG. 8. Germination of B. subtilis spores in L-alanine, as measured by loss of 
heat resistance (70°C for 30 min). Squares represent 1604 (wild type), circles 
represent AM1401 iyisF), and triangles represent AM 1423 (yisF cotE). 




0 100 200 300 400 



Time (min) 

FIG. 9. Expression of iacZ fusions to yisD (A) widyisF (♦) during synchro- 
nous sporulation. ■, the [3-gaJactosidase activity of a control strain (1604). MUG, 
methyiumbeltiferyl-p-gaiactoside. 



represent potential sigma K-dependent promoters. Introduc- 
tion of the yisD-lacZ or yisF-lacZ fusions into a gerE36 mutant 
background resulted in dramatic overexpression of these 
genes, as estimated by a plate assay, spraying the fluorigenic 
substrate on sporulating colonies. A more detailed analysis 
would be necessary to determine whether this reflects a direct 
role of GerE in negative regulation of these genes, or possibly 
an indirect effect, resulting from the increased levels of sigma 
K in a gerE mutant (9). 



DISCUSSION 

This work has identified a novel cluster of genes, organized 
in an operon-like arrangement, that is required for formation 
of functionally normal spores in both B. cereus and B. subtilis. 
These genes are only expressed during sporulation, in the 
mother cell compartment around the time of spore coat syn- 
thesis and assembly. Expression is sigma K-dependent and 




0 50 100 150 200 



Time (min) 

FIG. 10. The expression of a yisD-lacZ fusion by induction of sporulation- 
specific sigma factors during vegetative growth. Symbols: sigma F; sigma E; 

sigma G; and ■, sigma K. With the exception of the sigma K-inducible strain 
(AM 1394), the sigma factors were carried on the relevant plasmids described in 
Table 1, introduced into AM 1402. Graphs for sigma F, sigma E, and sigma G 
induction are superimposed on the baseline — no IacZ induction was observed. 
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negatively regulated by GerE, a major regulator of coat protein 
gene expression (6). The proteins may be structural compo- 
nents of the spore or components required during the mor- 
phogenetic process but not represented in the mature spore. 
Immunochemical analysis would be required to distinguish 
these possibilities. The absence of some of these proteins does 
not appear to result in any major changes in spore structure, as 
revealed by transmission electron microscopy, or any major 
changes in coat protein composition, as demonstrated by gel 
electrophoresis of extracted proteins. The expression of the 
gene cluster in B. siibtilis is easily detectable by lac fusion 
analysis, but the level of p-galactosidase synthesis is not as high 
as would be expected for highly expressed genes encoding 
major coat proteins. 

The outer layers of spore coat and integument in B. subtilis 
and B. cereus are rather different in ultrastructure: B. cereus 
spores have a coat that appears thinner, in terms of the number 
of coat layers, and the spores are surrounded by an exospor- 
ium. The range and size of extractable spore coat proteins is 
also very different. Despite the extensive analysis of coat genes 
anci proteins in B. subtilis, there has so far been little study of 
the molecular composirion of integument layers in B. cereus. In 
both types of spores, however, the absence of at least some of 
the GerP proteins causes a defect in spore germination, more 
extreme in B. cereus, which can be relieved by extraction of 
coat layers sufficiently to permeabilize the spore to lysozyme. 
The residual defect in loss of heat resistance in response to 
germinant in a B. subtilis yisf mutant is overcome on intro- 
duction of a cotE mutation, which causes a defect in assembly 
of the spore outer coat and an increase in spore permeability 
(6). 

The effect of coat protein extraction on germination of B. 
cereus T spores in a mixture of alanine and inosine has already 
been described (12, 23). Extraction does not inhibit the re- 
sponse of the spore to germinants as determined by loss of heat 
resistance, although it does reduce the amount of OD loss 
observed. Germination by inosine and alanine is dependent on 
more than one class of GerA homologues (5), but the response 
to each of these individually in the gerP mutant is similarly 
affected. As the germinant-specific response is still observed, 
the primary initiating target for germinants in the spore is 
unaffected by this extraction of outer layer proteins, although 
the completion of later events is severely disturbed. The intact 
spores of the B. cereus gerP mutant represent a type of super- 
dormant spore, whose latency can be overcome to some extent 
by extreme heating or by extraction of the spore, permeabiliz- 
ing it to molecules of the size of lysozyme. It appears that the 
integument in the gerP mutant may be abnormally imperme- 
able to germinants, as on its removal, they can once more 
access their primary target(s) with at least the normal kinetics. 
The inner coat layers may represent a general barrier to the 
passage of small organic molecules, as reported for glucose at 
4°C in Bacillus megateriiun QMB1551 (11). 

The GerP proteins could contribute directly to a structural 
element normally present in the spore that facilitates transfer 
of such molecules across the integument under physiological 
conditions; an alternative interpretation is that they are re- 
quired for proper assembly of other coat proteins into a struc- 
ture that allows passage of germinants. Whichever is the cor- 
rect interpretation, the phenotype of the gerP mutants focuses 
attention on our lack of understanding of the permeability 
properties of the outer layers of the bacterial spore and on the 
need of germinant to traverse these layers to initiate the early 
stages of the germination response. 

To give these genes a designation based on the germination 
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defect of mutants is not ideal, but this at least indicates an 
associated phenotype. In the absence of evidence of a direct 
coat defect, we have adopted tht gerP terminology for B. cereus 
and suggest that the same gene designations be adopted in B. 
subtilis. 



ACKNOWLEDGMENTS 

This work was supported by a postgraduate studentship award to 
J.B. from the Ministry of Health and Medical Education, Iran: by the 
European Union Bacillus subtilis functional analysis programme (con- 
tract BIO4-CT95-0278) to the laboratories of A. Moir and Simone 
Seror; and by a BBSRC project grant to A. Moir. 

Emma Ratcliffe and Mark Gidley are thanked for their contribution 
to the analysis of cotE mutant spores. 



REFERENCES 

1. Battisti, L., B. D. Green, and C. B. Thorne. 1985. Mating system for transfer 
of pi asm ids among Bacillus anthracis, Bacillus cereus, and Bacillus tliuringien- 
sis. J. Bacteriol. 162:543-550. 

2. Behravan, J. 1998. Characterisation of the gerP spore germination operon of 
Bacillus cereus. Ph.D. thesis. University of Sheffield, Sheffield, England. 

3. Brown, W. C, D. Veilom, I. Ho, N. Mitchell, and P. McVay. 1982. Interaction 
between a Bacillus cereus spore hexosaminidase and specific germinants. J. 
Bacteriol. 149:969-976. 

4. Camilli, A-, D. A. Portnoy, and P. Youngman. 1990. Insertional mutagenesis 
of Listeria monocytogenes with a novel Tn977 derivative that allows direct 
cloning of DNA flanking transposon insertions. J. Bacteriol. 172:3738- 
3744. 

5. Clements, M. O., and A. Moir. 1998. Role of the gerl operon of Bacillus 
cereus 569 in the response of spores to germinants. J. Bacteriol. 180:6729- 
6735. 

6. Driks, A, 1999. Bacillus subtilis spore coat. Microbiol. Mol. Biol. Rev. 63:1- 
21. 

7. Foster, S. J., and K. Johnstone. 1990. Puliing the trigger: the mechanism of 
bacterial spore germination. Mol. Microbiol. 4:137-141. 

8. Gould, G. W. 1966. Stimulation of L- alanine- induced germination of Bacillus 
cereus spores by D-cycloserine and O-carbamyl-o-serine. J. Bacteriol. 92: 
1261-1262. 

9. lchikawa, H., R. Halberg, and L. Kroos. 1999. Negative regulation by the 
Bacillus subtilis GerE protein. J. Biol. Chem. 274:8322-^8327. 

10. Irie, R^ T. Okamoto, and Y. Fujita. 1982. A germination mutant of Bacillus 
subtilis de6cient in response to glucose. J. Gen. Appl. Microbiol. 28:345- 
354. 

11. Koshikawa, T., T. C. Bearaan, H. S. Pankratz, S. Nakashio, T. R. Corner, 
and P. Gerhardt 1984. Resistance and permeability correlates of Bacillus 
megaterium spores successively divested of integument layers. J. Bacteriol. 
159:624-632. 

12. Kutima, P. M., and P. M. Foegeding. 1987. Involvement of the spore coat in 
germination of Bacillus cereus T spores Appl. Environ. Microbiol. 53:47-52. 

13. Medina, N., F. Vannier. B. Roche, S. Autret, A. Levine, and S. J. Seror. 1997. 
Sequencing of regions downstream of addA (98°) and citG (289°) in Bacillus 
subtilis. Microbiology 143:3305-3308. 

14. Moir, A., and Smith, D. A- 1990. The genetics of bacterial spore germination. 
Ann. Rev. Microbiol. 44:531-553. 

15. Moir, A., E. Lafferty, and D. A. Smith. 1979. Genetic analysis of spore 
germination mutants of Bacillus subtilis 168: the correlation of phenotype 
with map location. J. Gen. Microbiol. 111:165-180. 

16. Moir, A., E. H. Kemp, C. Robinson, and B. M. Corfe, 1994. The genetic 
analysis of bacterial spore germination. J. Appl. Bacteriol. 76:9S-16S. 

17. Moriyama, R-, S. Kudoh, S. Miyata, S. Nonobe, A. HaUori, and S. Makino. 
1996. A germination-specific spore cortex- lytic enzyme from Bacillus cereus 
spores: cloning and sequencing of the gene and molecular characterisation of 
the enzyme. J. Bacteriol. 178:5330-5332. 

18. Nicholson, W. and P. Setlow. 1990. Sporulation, germination and out- 
growth, p. 391-450. In C. R. Harwood and S. M. Cutting (ed.), Molecular 
biological methods for Bacillus. John Wiley & Sons, Chichester, England. 

19. Oke, V., and R, Losick. 1993. Multilevel regulation of the sporulation tran- 
scription factor (t k in Bacillus subtilis. J. Bacteriol. 175:7341-7347. 

20. Paidhungat, M., and P. Setlow. 1999. Isolation and characterization of mu- 
tations in Bacillus subtilis that allow spore germination in the novel germi- 
nant D-alanine. J. Bacteriol. 181:3341-3350. 

21. Popham, D., and P. Setlow. 1991. Cloning, characterisation and expression of 
the spoVB gene of Bacillus subtilis. J. Bacteriol. 173:7942-7949. 

22. Schmidt, R. f P. Margolis, L. Duncan, R. Coppoiacchia, C. P. Moran, and 
R. Losick. 1990. Control of development transcription factor <r F by sporu- 
lation regulatory proteins SpoIlAAand SpoIIAB in Bacillus subtilis. Proc. 



1994 BEHRAVAN ET AL. 



J. Bacteriol. 



Natl. Acad. Sci. USA 87:9221-9225. 

23. Senesi, S., G. Freer, G. Baloni, S. Barnini, A. Capaccioli, and G. Cercignani. 
1992. Role of spore coals in the germ i native response of Bacillus certus to 
adenosine and its analogues. Can. J. Microbiol. 38:38-44. 

24. Staden. R. 1990. Finding protein coding regions in genomic sequences. 
Methods Enzymol. 183:163-180. 

25. Sterlini, J. M., and J. Mandelstam. 1969. Commitment to sporulation in 



Bacillus subiilis and its relationship to development of actinomycin resis- 
tance. Biochem. J. 113:29-37. 

26. Sun, D., P. Stragier, and P. Setlow. 1989. Identification of a new a-factor 
involved in compartmentalised gene expression during sporulation of Bacil- 
lus subrilis. Genes Dev. 3:141-149. 

27. Vagner, V., E. Dervyn, and S. D. Ehrlich. 1998. A vector for systematic gene 
inactivation in Bacillus subtilis. Microbiology 144:3097-3104. 



[vol 

medium (Monod and J ac , 
nication). This indicates thatl 
3 regulating gene, i, can reding! 
>r /3-galactosiclase synthesis, 
) that of an RlcT mutation . 
atase synthesis. 

CKNOWLEDGMENTS 

is supported by research gran 
al Science Foundation, Nation 
lealth, and Wisconsin Alu 
ation. 

'ERATURE CITED 

. Garen, S. Gaben, and *?I 
•61. Genetic control of represaioj 
losphatase in E. eoli. J. MolecuU 
38. 

Genetic control of the specifier? 
ial enzyme, alkaline phoaphata 
. VV. Hayes and R. C. Clowes [el 
;enetics. Cambridge Universi{! 

Tacc. ,nd J. Monod. 1959 
*ol and cytoplasmic expression., 
n the synthesis of 0-galactosidai 
f. Molecular Biol. 1:165-178. i 
)59. Chemical and genetic studie 
phosphatase of E. coli. Brool 
. Biol. 12:76-S5. 
19G0. Influence of inorganS 
v the formation of phosphatases 
iochim. et Biophys. Acta 38:4(50^ 

■1 



7 



4- 



CC 



PERMEABILITY OF BACTERIAL SPORES 
III. Permeation Relative to Germination 1 
S. H. BLACK and PHILIPP GBBHAKDT 
Department of Bacteriology, The University of Michigan Medical School, Ann Arbor, Michigan 
Received for publication August S, 1961 



ABSTRACT 

Blu-k, S. H. (The University of Michigan, 
\nn Arbor) and Philipp Gerhardt. Permeabil- 
ity of bacterial spores. III. Permeation relative 
termination. J. Bacteriol. 83:301-308. 1962.- 

' The passive diffusion of solutes into dormant 
ipores, characterized previously with the test 
organism Bacillus cereus strain terminalis, has 
now been examined in relation to germination. 
Dormant spores did not take up specific germi- 
nants differently than they did other compounds, 

,' under conditions optimal for germination. 

■ Germinated spores, viable but prevented from 

: growing out, displayed some changes in perme- 
ability, evidenced by increased total uptake of 
glucose and water and by observable penetration 
of iv fiuorescigenic dye. Heat-killed spores were 
tut permeable to glucose and the dye as germinated 
ones. 



llmv dormancy in bacterial spores is main- 
tained, and then on chemical or physical signal 
broken, lias long been subject to speculation. 
One view has been that inertness is a result of 
isolation from the environment — that is, a spore 
is impermeable. Results of experiments testing 
this view proved the opposite (Black and Ger- 
hardt, 1961; Gerhardt and Black, 1961). More- 
over, ihe fact that a spore can germinate in an 
appropriate chemical environment would seem 
t" makii permeability indispensable. But does 
the dormant spore take up specific chemical 
Ruminants differently than it does other com- 
pounds? is germination accompanied by a change 
in Permeability? If so, will disruptive treatments 
that, might be expected to simulate the effects of 
r humical germinants also affect solute uptake? 
s, fb points were examined in the experiments 
r, "porTitl below. 

: N - !*ri'!imin:iry account of this study was pre- 
-'■"••'I at. {he Vllth International Congress for 



^i'Tnljiolojry, 1958. 



MATERIALS AND METHODS 

Details of the materials and methods have 
been described previously (Black and Gerhardt, 
1961 ; Gerhardt and Black, 1961). The test species 
again was Bacillus cereus strain terminalis, for 
which procedures have been developed to obtain 
hectogram masses of clean, dormant spores. 
Although the chemical requirements for germina- 
tion of these spores were known (Church, 1955), 
the procedures employed for the usual dilute 
suspensions, even with proportional increases, 
did not effect rapid and complete germination 
when dense suspensions (about 10 u spores per ml) 
were used. 

Eventually, the following procedure proved 
successful: Clean dormant spores in water sus- 
pension (approximately 50%, w/v) were heated 
at 65 C for 2 hr. After the spores were centrifuged 
and the supernatant water decanted, packs of 
about 10 g wet weight were resuspended in 50 ml 
of Trypticase soy broth (Baltimore Biological 
Laboratories) supplemented with 300 mg of 
L-alanine . and 200 mg of adenosine. These sus- 
pensions were placed in 250-ml Erlenmeyer 
flasks and incubated at 30 C on a rotary shaker 
for 30 min. Germination of the spores was evi- 
denced by their darkness under the phase micro- 
scope, stainability, and heat sensitivity; the com- 
pleteness of germination was judged from the 
fact that repeated examination of heavy smears 
on slides did not reveal any ungerminated spores. 
The spores were separated from the germination 
broth by . centrif ligation and then washed twice 
with deionized water. During final resuspension 
of the germinated spores, care was exercised not 
to disturb the tightly packed pellet of crystalline 
dipicolinic acid, which was released during 
germination and collected at the bottom of the 
centrifuge tube. The spores were distributed in 
3-g samples into tubes and centrifuged for 30 min 
at 17,000 X y, after draining, drying, and weigh- 
ing the tubes, the washed germinated spores 
were ready for use. The germinated spores pre- 
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parcel in this way were stable, did not develop 
into vegetative cells, and remained fully viable 
for about 3 days if refrigerated. The principle has 
since been extended to arresting stages of out- 
growth (Goldman and Blumenthal, 1961). 

As before (Black and Gerhardt, 1961), the 
uptake of exogenous materials by spores was 
assayed by the space technique: the resulting 
space value (R w ), which is corrected for inter- 
stitial space and is calculated on a spore weight 
basis, indicates the percentage of the spore itself 
that is permeated. The antecedent values for 
S w represent the pack space; these are included 
in one of the tables (Table 4) below. 

A possible change in permeability with spore 
germination was also assessed microscopically by 
observing uptake of the ultraviolet-fluorescing 
dye, n-tolyl-a-naphthylamine-S-sulfonic acid 
(National Aniline Division, Allied Chemical 
Corporation). For fluorescence microscopy, a 
Reichert Tluorex 5 illuminator and a conventional 
dark-field microscope were employed. Light from 
a 200-w maximum-pressure mercury -vapor source 
(Osram HBO-200) in the illuminator was directed 
through two pass-filters (Schott UGl-2mm and 
UGl-lmm) with an optimal passage at 365 m/i. 
Contact between the microscope condenser and 
the specimen slide was maintained with immer- 
sion oil. The ocular contained an excluding filter 
(Schott G.G 9) barring light below 500 m/i. For 
spores, it was necessary to use a 20 X objective 
(0.G5 NA) and a 12.5 X ocular. The observations 
were recorded on Eastman Tri-X film. 

RESULTS 

Uptake of germination compounds by dormant 
spores. Spores of B. cereus strain terminalis can 
germinate with adenosine plus L-alanine or glu- 
cose (Church, 1955); the rate of germination 
increases with prior heating at 65 C for 15 min 
for dilute suspensions. The space in dormant 
spores available to glucose has been determined 
to be about 40% and to be essentially independ- 
ent of environmental variables, including tem- 
perature (Black and Gerhardt, 1961); other 
sugars, ineffective as germination agents, were 
taken up by dormant spores to about the same 
degree (Gerhardt and Black, 1961). L-Alanine 
also failed to penetrate to an unusually high 
degree and, in fact, was found to be admitted 
into dormant spores to a consistently lesser extent 
(o2%) than most small molecules. As shown in- 
Tig. "1, both glucose and alanine could be water- 




mi WASH WATER 

fig. 1. Elution of germination compounds fro r 
dormant spores. Each, tube contained about Sgof 
spores which were wa.sh.ed with 3 -ml increments 
water. 

eluted completely and readily. Both l- antl 
alanine were taken up to an equal degree, * 
finding at variance with the stereospeoificity ~k 
binding of L-alanine reported by Harrell ai£ 
Halvorson (1955). However, the amount the| 
reported bound is so small (about 5 X KT^C 
moles per spore) that it would be obscured b£ 
the predominantly diffusional uptake occurring, 
with the high concentrations used in the present* 
experiments. ^ 
In contrast to alanine and glucose, adenusina 
was taken up by dormant spores to a high degrcc^r 
As shown by the results in Table 1, however,:- 
several lines of evidence suggest that the higfcv 
but variable adenosine space was attributable ta : - 
nonspecific adsorption: (i) The amount of aden-jjj 
osine taken up was a function of the quantity tff 
cells available for binding, (ii) The adenine:* 
taken up was resistant to removal by water* 
washing (Fig. 1) unless the pH was "retlm* 1 * 
near the pK :i (3.45) for this riboside, (hi) The 
similarly basic adenine component, but not rib"*- 
gave a comparably high uptake value; uritto* 
moiety , however, substitutes for adenosine a J 5 
germinant. 

Although glueose, alanine, or adenosine U[>^ c . 
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■rvBht: 1. Evidence for adsurptive uptake of 
adenosine b/y dormant spores 



table 2. Uptake of germination compounds wider 
various conditions of incubating spores 





i 

Equil 
time 


i 


R w 


Cumulative re- 
covery in two 
water washes 








PH 


% 




min 


£ 


% 






Adenosine 

Adenosine 

Adenosine 

ttilwsn 

Adenine 


15 
15 
GO 
15 
15 


3.00 
3.49 
3.49 
3.19 
3.16 


76 
119 
121 

41 
112 


7.0 
3.0 
7.0 
7.0 


35 
78 
58 
90 



Conditions 


R w 


Glucose 


l- Alanine 


Adenosine 






% 


% 


% 


0 C for 15 min 




40 


32 


76 


30 C for 15 min 




42 


31 


71 


30 C for 15 min 


after 


40 


33 


74 


heating spores 


at (55 








C for 30 min 




I 

i 







bv dormant spores was uninfluenced by incuba- 
tion at a temperature optimal for germination 
or by mild heating of the spores (Table 2), it 
seemed possible that the permeation of these 
compounds might be different if present in com- 
bination, as required for germination. Neither 
glucose nor alanine in the presence of adenosine, 
nor adenosine in the presence of glucose or ala- 
nine, showed a greater uptake than when pre- 
sented singly to the spore (Table 3). 

Uptake by germinated spores. The first definable 
event in germination is often considered to be a 
break in the impermeability of the spore. The 
evidence that has led to this concept, however, is 
considerable but only circumstantial. Germinat- 
ing spores lose their refractility and become dark 
under phase optics (Pulvertaft and Haynes, 
1951; Powell, 1957; Knaysi, 1959; Rode and 
Foster, 1960), decrease in dry weight by about 
one-third (Powell and Strange, 1953), exude 
most of their dipicolinic acid and much of their 
ealeium and a nondialyzable mucopeptide into 
th« germination medium (Powell and Strange, 
1953), resume active respiration (Murrell, 1955), 
and become uniformly stainable with basic dyes 
fl'inrthe, 1897; Leifson, 1931; Murrell, 1955). 
terminating spores also enlarge (Cohn, 1S77; 
FisrhtM-, 1S97; Grethe,. 1897; Leifson, 1931 ; Rode 
anil Foster, I960), suggesting imbibition of 
water. Direct evidence for water uptake is lack- 
i"S, but further indirect evidence is provided by 
inability of spores to germinate in environ- 
ments of low water activity, that is, in concen- 
trated solutions of sucrose (Beers, 1957), tri- 
'•thylcne glycol, or sodium chloride (Black and 
( "Tim nit, unpublished data). 

''"-inability determinations on germinated 
■P'mvs a,- n compiled in Table 4. The test com- 
;» muuIh were selected from among those used 



table 3. Uptake of germination compounds, singly 
and in combination , by dormant spores 




Compound measured 


Additional com- 
pound present 


R w 






% 


Glucose-U-O 


None 


39 


Glucose-U-O 1 


Adenosi ne 


39 


Adenosine-S-C 11 


None 


78 


Adenosine-S-C 14 


Glucose 


81 


Adenosine-S-C 1 1 


d I,- Alanine 


7S 


DL-Alanine-l-C" 


None 


32 


DL-Alanine-l-C 11 


Adenosine 


31 



previously with dormant spores (Table 1 in 
Gerhardt and Black, 196.1); the same identifying 
numbers are retained in Table 4, and the R w 
values for dormant spores are reproduced in 
parentheses for convenience. The antecedent S w 
values for germinated spores include figures to . 
allow judgment of the reliability and variability 
of the permeability determinations. 

At once evident from the results shown in 
Table 4 was the greater uptake of water by 
germinated spores {R w = 76%) as compared to 
dormant spores {R w = 67%). This immediately 
suggested the possibility that the increased up- 
take also observed for some small solutes, glucose 
especially, was associated with the increased 
water content. Another possibility was that a 
lipidlike component of spores is lost during 
germination, since repeated permeability deter- 
minations with glucose showed that its uptake 
was no longer restricted, as for small lipid-insolu- 
ble compounds in dormant spores. 

Molecular weight principally regulated solute 
uptake in dormant spores, and a graphical anal- 
ysis of this factor for germinated spores is pre- 
sented in Tig. 2. Within the limitations of the 
number and scatter of points/ the graph revealed 



304 BLACK AND OERHARDT 

table 4. [ J t;r)ii.etihibilii of fjariniwUed spores fo mdrjUwl mnn/jnuwh* 



Compound i Experimental conditions j .S"' ; 



































No. 


Species 


Solute 
concn 

- 


Temp 



Eijuil time 


.no. ni 
dets 


Run.Ke 


Avy 








S/WO ml 


c 


m in 






tr 





113 


Water 




4 


15 


10 


70-80 


7S 


70 11)7) 


o 


Glucose 


1 


4 


15 




55-5!) 


50 


51 (■{[)) 


25 


Dextran 3.050 




4 


1)0 


■ J 


■»o IO 




"0 (2S) 


27 


Dextran 10,000 


3 


4 


00 


4 


24-32 


20 


IS i25j 


20 


Dextran 10,000 


3 


4 


120 


1 


17 


17 


7 (12) 


31 


Dextran 40 ; 0l)0 


o 


4 


00 


4 


11-20 


10 


7 ill) 


34 


Dextran 150,000 


3 


4 


00 


4 


12-13 


12 . 


2 (2) 


36 


Dextran 500,000 


3 


4 


00 


4 


0-11 


8 


-1 (0) 


37 


Dextran 700,000 


0 


4 


15 


•JO 
»>'J 


7-10 


0 


0 10) 


3S 


Dextran 2,000,000 


3 


4 


00 


o 


0-13 


10 


1 (0) 


40' 


Ethylene glycol 


3 


4 


00 




07-71 


00 


W (53) 


42 


Triethylene glycol 


0 


4 


00 


o 


(il-00 


00 


02 (49) 


415 


Polyethylene glycol 400 


0 


4 


00 


3 


45-48 


47 


41 (38) 


4S 


Glycol 1,000 


'? 
•J 


4 


00 


3 


2S-3S 


33 


2(5 (35) 


50 


Glycol 3,350 


•'} 


4 


00 


3 


25-32 


20 


21 (28) 


52 


Glycol 17,500 


3 


4 


00 


3 


21-2(5 


24 


10 (15) 


53 


Glycol 70,000 


3 


4 


00 


3 


10-22 


21 


12 (4 ) 


71 


pL-Alanine 


1 


4 


15 


0 


53-58 


50 


50 (32) 



* Numbers of the compounds correspond to those given in Tabic 1 of Gerhanlt and Black (19111). 
The R,™ values in parentheses are for dormant spores, reproduced from the same source. 



several trends: (i) An inverse relationship was 
preserved between uptake and the log of the 
molecular weight, and the line slope ( — 17.5) was 
only slightly steeper than that for dormant 
spores ( — 10.4). (ii) The inflexion point in the 
correlation line was about the same lor the two 
spore types (130,000 mol \vt for germinated 
spores and 160,000 mol wt for dormant spores), 
indicating- that the loss of polymeric constituents 
during germination did not change the maximal 
porosity of the spore coat, (iii) The plateau at an 
■S"' value of about 0, which represents the inter- 
sporal space and i^ equivalent to an R w value of 
0. was maintained. 

The foregoing results evidenced some changes 
in permeability, notably to water and glucose, 
accompanying germination of spores. It aiso 
seemed desirable to visualize the changes, if 
possible. In a sense, one (iocs so with simple 
stains, but the ease with which germinated 
spores stain entirely does not distinguish between 
a change in permeability and a change in affinity. 
Newton (1054), however, has used a fluoresci- 
genic dye to demonstrate a change in permeability 
that occurs in polymyxin- treated bacteria. The 
d ye , toly 1-cx- na ph t hy la u i i ne-S ulfo ni e ac i d 



(TNS) fluo reset's in ultraviolet light if conjugated 
with negatively-charged groups of protein. Intact 
Pseudomonas aeruginosa cells in the presence of 
TNS could not be detected in a fluorimeter, but 
addition of polymyxin immediately resulted in 
fluorescence, indicating that TNrf penetrated to 
intracellular proteins. This dye has been used in 
our laboratory for fluorescence microscope ex- 
amination of hexaeldurophene-treated cells (Jtis- 
wiek and Gerhanlt. unpublished data), and its 
use seemed especially applicable to the present 
problem in spores. 

To test whether penetration of TXr? occurred, 
spores were germinated, washed, and placed in 
an 0.85% (w/v) saline, solution of 0.001 u TK?- 
Germinated spores (Fig. IJA) were seen a* dis- 
tinct, brightly fluorescing points; by contract, 
the dormant spores (Fig. :>C) were identifiable 
only by an ill-defined blur. The dim fluoresce!!'-': 
of dormant spores on this 30-min photograph''" 
exposure was surprising, .since the same Held 
uniformly dark to the eye and to film e.\p»^" ! 
only 1 miu, a time sufficient to record fluoresced " ,: 
of germinated spore*. The picture of dormant 
spores suggested halation, that is. scattering 
light beyond its proper boundary, which mijd 11 



(VOL. 



lecled compounds* 



Range 



Avg 



76-86 
5o-59 
32-42 

24- 32 
17 

11- 20 

12- 13 
0-11 
7-10 
6-13 

67-71 
61-60 
45-48 

25- 38 
25-32 
21-26 
19-22 
53-5S 



7S 
50 
37 
26 
17 
16 
12 
8 
9 
10 
69 
66 
47 
33 
29 
24 
21 
50 



avg 



76 (67) p 

30 (28) ! 

] 8 (25) H 

7 (12).j 
7 (11)- 

2 (2) 

-1 (0) 

0 (0) 

1 (0) 
64 (53) ] 
62 (49)'' 
41 (38H 
26 (35) 
21 (28) 
16 (15) 

12 (4) m 

50 (32) M 
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MOLECULAR WEIGHT 



ni;. 2. Correlation between the molecular weight of dextrans and glycols and the uptake by germinated 
*punm. The numbered points correspond to the compounds listed in Table 4- The lines were plotted by the 
method of least squares, with the points -weighted according to the number of determinations. Points for 
glucose {no. 2) and water (no. 113) are plotted for reference; if these points are included, the slope becomes 
-10.2. The broken line represents the corresponding regression line for dormant spores (Fig. 2 in Gerhardi 
nnd Black, 1961). 



ho produced on the photographic emulsion as an 
artifact of overexposure or from the dye coupling 
'mtn the spore periphery. Since both photographs 
(Fiir. :IA and 3C) were exposed for the same time, 
appeared that a halation effect was produced 
dye conjugating with spore coat polypeptide. 
Lpnn germination, the polypeptide was exuded 
(Powell and Strange, 1953) and a change in 
!»-nneability allowed the dye to penetrate to the 
wo, there to couple with intracellular protein. 
Hinm-*euce thus originated from a dormant 
'[mir. , lV(;r Ll comparatively large area, whereas 
r,lt ' "filiation of light from a germinated spore, 
w "hHi lacks peripheral peptide, approximated a 
= " inr >«>urce, .as observed. 
1 plnke hy chemically and physically treated 



spores. Treatments that are believed to disrupt 
membranes might also effect a rise in solute up- 
take by spores. Organic solvents, for example, 
often have been thought to enhance cellular 
permeability, presumably by dissolving a lipid 
component in the membrane. Killing agents are 
also generally assumed to cause increased pene- 
tration of exogenous substances. Such treatments 
might be expected to simulate some of the effects 
brought about by spore germination. Several 
experiments with treated spores are summarized 
in Table 5. Dormant spores exposed either to a 
o% (w/v) solution of phenol for 150 min or to a 
saturated solution of n-butanoi for 5 min were 
not appreciably altered in their uptake of glucose 
or in their viability. When the spores were killed 
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tn n protein-Jiuorescigenic dye- 
I tniaxujrnph of (he same field a* < 
Ht.icrotjraph of (he $(imc field < iS ^ 

■■>). Moreover, heat-killed =1* 
tin- iirpsi'iicH of TXS. H 
■»m lv permeable, a* ^ ll - u 
m iii-i mi nation of a spore vVrl 



vBtE 5< Glucose uptake by chemically and 
T physically treated spores 



Conditions 



Stands 1 
Exposed 150 mm to o% 
(»-/v) phenol solution 
' Autochiveil 60 min at 121 



guntliirtl 

■ &akv.n 5 min in 3% (v/v) 

[ butunol solution 

f Heated 15 min at 100 C 



Viability 

the 
experi- 
ment 


Uptake 
determination 


s w 

Dextran 


Glucose 


% 
100 
100 


% 

8 
8 


% 
40 
45 


0 

; 


7 


52 


100 
100 


9 
9 


34 
35 


0 


9 


51 



7mm from this limited comparison to cause much 
ttbe same result. 

DISCUSSION 

; Is the dormant spore selectively permeable to 
germination compounds? No. The experiments 

• reported above indicate that, of the chemical 

: ferminants specific for B. cereus strain terminalis, 
rincose penetrated the spores no differently than 

'other sugars, L-alanine was actually admitted to 
a lesser extent than most small molecules, and 
•tknosine was taken up to a high but explain- 
ably nonspecific degree. Nor was the uptake 
Altered when these substances were present in 
combination, at the temperature optimum for 
fprmination, or with spores which had first been 
mildly heated. 

Does permeability change after the spore is 
germinated? Yes. A number of indirect signs 
«>d results of this change are commonly known 
\wre listed above. Direct permeability 
"*asurpments indicated that the germination of 

* spore tv<utts in some changes in permeability, 
Wably to glucose and water, but the necessarily 
tonitwl number of determinations permitted only 

* partial explanation in terms of the molecular 
tables previously found to govern solute up- 
^ in dormant spores (Gerhardt and Black, 
lOfii). Further evidence was provided by the 
titration of a fluorescigenic dye into germi- 

spores. The occurrence of permeability 
n ^ f>>: attending germination should not, how- 
i„. Tak»*n as something unique to spores of 
^•-ria. Pulvcrtaft and Huynes (1951) have 



likened the breaking of bacterial spore dormancy 
to the hatching of amoebic cysts, and others 
(Fischer, 1897; Burke, 1923) have compared it to 
the moisture-induced germination of "imperme- 
able seeds" in plants. Beyond qualitative anal- 
ogy, however, are the detailed experiments of 
Sussman (1954), who has given quantitative 
evidence for a change in permeability of asco- 
spores of Neurospora tetrasperma during germina- 
tion. 

The third question remains: does killing, which 
is generally presumed to make a cell completely 
permeable, simulate the permeability changes 
brought about by chemical germination? Yes. 
Dormant spores killed by heat were as permeable 
to glucose as chemically germinated spores. 

The crux for understanding the observed 
changes in permeability may pertain to a greater 
water content in germinated than in dormant 
spores, since, to a considerable extent, the larger 
water-space value obtained for germinated 
spores accounts for the greater uptake of low 
mol wt solutes. A problem related to water con- 
tent, moreover, is that of water localization. It may 
be that a central region is kept anhydrous in the 
dormant but not the germinated spore (Lewith, 
1S90; Rode and Foster, 1960). An effort to deter- 
mine the exact content and location of the water 
in dormant and germinated spores now seems 
especially appropriate, not only for resolving the 
permeability problem but perhaps also for 
broaching the more general one of heat resistance. 

ACKNOWLEDGMENTS 

We are grateful to Sara S. De-Long for her able 
assistance with the experiments. Support was 
provided in part by The Michigan Memorial 
Phoenix Project of The University and by 
research grants E-619-C5 to C7 and a Predoctoral 
Research Fellowship (to S. H. B.) from the 
National Institutes of Health, U. S. Public 
Health Service. 



LITERATURE CITED 

Beers, R. J. 1957. Effect of moisture activity op 
germination. In H; O. Halvorson [ed.], Spores. 
American Institute of Biological Sciences, 
Washington.. D. C. 

Black, S. H., and P. Gerhardt. 1961. Permea- 
bility of bacterial spores. I. Characterization 
of glucose uptake. J. Bucteriol. 82:743-749. 

Burke, G. S. 1923. Studies on the thermal death 
time of spores of Clostridium botuliuum. 3. 



30S BLACK AND GERHARDT 



Dormancy or slow germination of spores under 
optimum growth conditions. J. Infectious 
Diseases 33:274-284. 
Church, B. D. 1955. The role of L-alanine and 
glucose on dormancy in spores of aerobic ba- 
cilli. Thesis, University of Michigan, Ann 
Arbor. 

Cohn, F. 1S77. Untersuchungen uber Bakterien. 
IV. Beitrage zur Biologie der Bacillen. Beitr. 
Biol. Pflanz. 2:249-276. 

Fischer, A. 1897. Vorlesungen iiber Bakterien. 
Gustav Fischer, Jena. 

Gerhardt, P., and S. H. Black. 1961. Permea- 
bility of bacterial spores. II. Molecular vari- 
ables affecting solute permeation. J. Bacteriol. 
82:750-760. 

Goldman, M., and H. J. Blumenthal. 1961. 
Arrest of bacterial spores in stages of post- 
germinative development. Can. J. Microbiol. 
7:677-679. 

Grethe, G. 1897. tlber die Keimung der Bakte- 
riensporen. Fortschr. Med. 15:43-51, 81-88, 
135-139. 

Harrell, W. K., and H. Halvorson. 1955. 
Studies on the role of L-alanine in the germina- 
tion of spores of Bacillus ierminalis. J. Bac- 
teriol. 69:275-279. 

Ivnaysi, G. 1959. Optical density of the endospore 
of Bacillus cereus and its relation to germina- 



[vol 

tion and resistance. J. Bacteriol. 78 -o, 
Leifson, E. 1931. Bacterial spores. J 
21:331-356. 

Lewith, S. 1890. Uber die Ursache der Wj 
standsfahigkeit der Sporen gegen hohe T 
peratuien. Ein Beitrag zur Theorie der D- 
fection. Arch. Exptl. Pathol. Pharmaknl 
341-354. 1 

Motrell, W. G. 1955. The bacterial endos~ 
University of Sydney, Australia 

Newton, B. A. 1954. Site of action of polym 
on Pseudomonas aeruginosa : Antagoni< 
cations. J. Gen. Microbiol. 10:491-499 

Powell, E. 0. 1957. The appearance of bac 
spores under phase-contrast illuminati 
Appl. Bacteriol. 20:342-348. 

Powell, J. F., and R. E. Strange. 1953/' 
chemical changes occurring during the ge 
nation of bacterial spores. Biochem J 54 ? 
209. 

Pulvertaft, R. J. V., and J. A. Haynes. 1 
Adenosine and spore germination: PH 
contrast studies. J. Gen. Microbiol. 5:657 

Rode, L. J., and J. W. Foster. 1960. Mecha- 
germination of bacterial spores. Proc. 
Acad. Sci. U. S. 46:118-128. 

Sussman, A. S. 1954. Changes in the perineal 
of ascospores of Neurosppra ietrasperma du 
germination. J. Gen. Physiol. 38:59-77. 




T3 
O 
O 



V 

c/3 



o 
o 

pq 
Q 

B 

>h 
O 
O 

O 

B 

o I 

H 2 

O 8 
i— i -c 

PQ £ 



1 



13 

50 
O 

c 

<a 

c 
o 

CO 

G 

< 
C 

o 
H 



^ -S 

f|| 
la 

s Z 

O .2 

S -a 3 



o 
o 



a 

Of 

E 
jg 

> 



IS 
> 

Q 
c 

C 

O 
-»-» 

c 

s 



5 



bo 



Si 



9 z 
8 

CO 

a; 
E 

3 
> 



■c | 

X) = 

•r C 

? o 



| E| 

— ■§ 
a. 



c o 
o > 

flj Cfl TO 

«■§ 8 

•S y 
rS c S 
o t> 

^ S--S- 

si! 

* s ■§ 

.2 E 
C u 4; 

u "o «3 

^ > u 

o | fe 

lis 

w E 

.S ° x 
O a 3 

^ w u 



c/5 

o 



3 
o 



V 

u 

goo 

CO ~h 
— CM 



o 



8"B 
§ § 

rt rt 
CuU 

3 

• g 

. U 
ft « 

- O 

5 .E 
3 2 

,fi rt 



X 
• ■ C 

s ^ 

iS rt 
u 



e3 

c K 
|* 

£ CM 
QJ 

Q <u 

_ 3 

o 

t- 3 

°l 

3 



^ <J 

O 73 

rr co 

u > 

<u > 

l-H W 

- 2 

5* co 



T3 
rt « 



« 
C 

0 



QJ 

-3 

h l 

bcX 
O bO 
O .5 

3 



S 

* E 

£ 5 

3 "° 

3 bJD 



-3 

K 

03 
QJ 
in 

<s 

c °* 

rt o 5 



xj 

QJ 



O 3 
^ JO 

S % 
.a a 

< Q 

<5 S 

g 

• b 

CO 
© O 



2 



< re 

a 



o 
o 

CO 

CO 



=3 

U 

"a; 
U 

x 
3 
re 



s 

rt 

bo ^ 
o g 

. i 

« o 

73 .fi 

§5 

c 

E X 

U QJ 

QJ 

o . 

bo 

•1 

CW CJ 

CQ C 

3 a 



Q 



c 



Q- 

O 



T3 
B 



12 

IU CO 

« a 

a a 
2 

<u Q 

• "g 

Q 

o .2 

E 

s | 



o 

u 



C 

CO 



S 

o 

CO 

c 



v 
Q 



rt 

a: 



u 
C 

M 

u 
O 
u 
C 

QJ 

c 

QJ 

O 

o 

*C °^ 
2 2 

fa .o 
o SS 

•2 rt 

1° 

bo 



o 
o 

CO 
CO 



3 

U 



QJ 

a 

T3 
C 

rt 



C 

ft 
£ 1 

S S 
c o 



Jg-S 

"o 

n QJ 
C _ 

1 2 

E-S 

• ^ 

'qj 

;c s 

fa g 

fn re 

r 



21 



S CN 

a** 
OS 
ah 

3 

O C 
fc- o 

O a 

3 



0 -S 

1 s 

C u 

u J 

QJ 



. rt o 
^ O 

t. cj 
U CO 

u 

QJ 

§ QJ 



b0T3 
O bo 

o .5 
a 3 ^ 



Cu 

a 

*C 
u 

CO 

o 

3 



rt 

QJ 

CM 

QJ 

&i 

o 
"o 

s 

« co 
Q o 
csr 

.2 E 

• rt~ 

|| 

. CJ 



c 

>^ 

u 

rt 



cj 

QJ 
U 

C oo 

.Si SI 

U CM 
CO 

bp S 
If 

O 

r3 
C > 
qj in 

E c 



OJ 



o 
U 



oj « 
3 

• § 

I s 

_ D5 

I 



E 
o 

"5. 

C 



C 

Z 

CO 

-C 

bo 
3 
O 



co 



-2 

N-J 

u 

QJ 



QJ 

u 



5 
c 

i 

J* 
T3 

< 



B 

o 

bo 
3 



H3 

QJ 



QJ W C 



3 

w 

CO 



bO 
3 
O 
CO 



"D X5 »*j 
w *J O 



v 



a 

QJ 

bo 
3 

w 
e 



3 
P 
QJ 
CU 

E 

QJ 

H 

>^ 

bo 

o S 

S .2 
E c 

X3 ± 
3 >^ 
re g 

"o 
IS 



Cm 

CO 

1c 



-2-2 t3 a 

77? CO T! 



QJ 

rt 



3 

QJ 

is :s 

D.-D 

Q S 



"5 QJ 



S 'I 



I 

-1—1 

o 
'C 
QJ 

K 



QJ 

3 

QJ 
*U 
CO 

"rt 

.y E 

bo O 
O X3 

o 

5 I 

bo 3 

c D 
| X 

3 W 

3 ^ 
3 bO 



QJ £ 

D 

fa 



3 
O 



I 

.3 

fcjj 

c 

'So 
o 

rt 

a 



& 

C 

o 
O 



rt 



CM 

> 



T3 T3 

1 g 
St 
£| 

S "S 

3-2 



5" Cm 



J x 



ex ■ 

u B & S3 
5 a« H 



OJ 00 



^ pq 



PQ PP 
CO 



o 

CM CM 

CO u 

CP X 

co j 

ox 

CO 



9! 



bo 



C 

rt 



° 1 



bO cn 



>* 3 

> S j: 
« o w 



5 s 

a 2 

O . 

a 

3°Z 



-S ^ 

w 5 Z 
Eg- 



rt rt 

x ^ 



o 



O 

^ es 

Cm .2 



CT5 

00 . ^> 

2 0 s 

CO 



V 
CO 

bo 
g 

CO 



x 



■s, 



© < s < 



3 <U 

x c 

S § 8 

-n 3 C 

O u ^ 
C cu > 

h » 2 

QJ 3 X 
_Q rt 

.1 li 
^ a e 

o « 
X> ^3 -5 

co U O 



o rt S 



6 
< 



rt 
CO 
X 

QJ 

4—1 

"2 



x 



00 



<u o 



in be 

V V c w -= tu 

g 1 '5 1 3 C S 

* h -P v * c JB 



■3 QJ 



, u 

N ^ 



B d " 

bo 3 j- 

O .£ u 

c h 1/5 

D O cj 



fc h 

3 

o - 



« t/i 
bo £ cd 

« - y 

- - u E '5b 



u 

- i -o 

O 



X 



O 

.2 £ * 



rt w ? bo.g- c E e 

g ^ •> .3 5J — C 

0> CwCM > in w « QJ 

• M *J O C 

o « o J2 
jg C T a- M .2 co « * 



v 



cd 
3 

S 

5-. 
O 

3 

cd 

3 

O 
. i— i 
+-> 

cd 

3 

o 

Oh 



3 



2 ~ 



•a 5* u a « &'e 

a 2 ~a .3 E 2 
.2 E I * S 

C S <J 

.2 i5 ° fS 
how - 



cd 



bC £ 3 _ 

"* - "OS 



o 



o 

.Pi 



z 
o 

H 
U 
P 

a 
o 
« 

H 
Z 



ho 3 3 '3 ^ S^JS « * 



C3 



cd 



O 

N CL 

bO^ 
O 0 



On ^ 

5T,<u> 



OJ 3 C . 

u o c 
a S - *c w « 

C, w ro 
3 2" S TJ 3 OJ 

a * 8 s .a ts 

3 "3 bO-C £ 

bo flJ 



-2 2 .g o 

- - bO 3) 



. . IE 



> C r CJ 

o- <u T3 .£ 5 x: 
« -a x > _c 3 ? S c > J 

a5*~ofc-2c3E-0-*>* 



u 3 

° 



3 T3 



O C £ E ^^^8'- ^ 3-rj * ^3 3 ^ w 7 — <u 

| S -8 I « § £ £ *o I 8 | £p s g -S 1 £ 
55 gr£ S -2 ? -3 S £ ,6 o-.u,i2 




w o *- T3 73 

U CL >> 3 -3 




2 

2 
< 



00 



5^ 
J" 



o s g * I z r I 
5 -S 1 H 5 i '§ 



E 5 



OJ u t- • 

8 S cS 5 1 -c £ 

■5 = -a E J2 ~ o 

i flj ■ « <— 



ra 2 £ > 

= -C S <3 TO 

s .2 .g a £ | 1 

52 3 +-> O r P nj 

£? 5/3 > 



c 
. o 

C '5 
O «I 




^ oj < 



Oh — 



C/3 0J 



£ 5 



o Ss c 
s 3 h 



c ca c 



oj o 



^2 v . CJ -3 r; Q- ^ tJ 

*3 u (U TI q 3 -~ 

ti oj h oj ^ 4) 3; 



S3 ^ E 



QJ 



.S c 



1 J2 oj 



00 



W5 CO _ 

1 8. o ; 5 ■§ I 

«« p .S3 E cd c 

n t w rt - « 1; 

? £ ■§ « 8 2 I 

■9 2 6 

1/1 .5 w o i> ^ 



.2 ^ £ o 



X .£> oj js ^ 

OJ U J« w CO -tj 

« 2 ^ ^ u 

c c c en r. 

£> ^ o ^ E 



3 ,0 



O CL *- g ST 
« ra o aj 



•s s 5 s 1 



^ OJ 



s g <u a , 



CTi iTi IT) IT) 

r- 1^- i>- 

Oi G> Ci 



— 3* 3* n CTi 01 01 ^ ^ 



t/3 



I I 



+ + + + 



CO CO CO CO 

I s * r- 

3^ oi a> d 



« 13 -js s 

0- «S o o o o 

•? e K K K K j= 

5 o TJ -a tj -a bo 

c c c c c 

< < < < ft 



+ + + + + 



4- + + + I 



* 00 O <2 "£ ""5 



+ + 



.m__- -fc. -^-iXr -a., - *^J— :(« ^ 



<u c 4_» 



C 5 B 



n « CC 

w 3 u 
C O u 



-c c J2 « * -g 5 w -3 -J 



^ <-> si S 



I- V V u 



5 •••u, -H C 



_C OJ CL 
— * a; OJ 

u 15 its £ 

C . oj u 

-S g - c 

(? « C bD 

S. g "g -s 

^ «2 -o « 

°^ S .8 

§-s £^ 

rt C , oj 

CL « fa .3 

= — 3 

5 v 3 o- 

Es S.S 

pC E 0 x 1 

w c u 

2 c S3 « 

«« w O oj 

O C b» O ' 

>s5 « i- 

« u - 3 

^ CL g CL' 



ftf u ai V ^ *n oj 



u oj 
C OJ u 



I- u c 



O w 



^ oj 



•3 -C If? 



E < 



oj T3 
bJD C 



-co « 



oj 3 0 1/3 



oj o 

Q. u p O 

«s CL g 

W OJ .O CO 

u x: ^3 ^ 

O w C oj 

E s3 2 

< '§1 e 

rt O 3 



i 1 E 



w i« «" 

u — oj 3 oj 

" E s I - 

.2 k i fa 



w X 2 -3 3 O 
l3 "3 CLT3 .3 t3 



E h 



"8 « =3 a 

a oj 3 w 

2 « J: 

1/3 o S 



C « o S 

-g 'C — w 
g 3 13 O 



ti ^ bo 
rt fee 



i-e - ^ 

Q- oj w ^ 

r- -3 3 

o t- ^ E 

-Q O 

E C 3 

52 oj o bJD 

§ e-g S 

OJ OJ N u* 

w S - 

u CL c 1 

> 0 o y 

U w U ^ 

"3 'ft « W 

rt oj j- — 

S^fl I 

o 5/3 ^ oj 

<3 3 



«3 -33 



.2 



E ^ 2 g 

^^3 3 

W ^ .3 u 

S ^ r ^ CL 
cL o 7 y 

r ttj CL 

o g E 

CL OJ 

E ^ 5- « 

• 3 c cr 3 



CO 



o 

t— I 

h 
< 

2 



•= O »- 

r -> ^ OJ g 



C 
3 

w 5 <S 

C CL ^ 



O bJD « 

CL rt y ^ ^ r« 

— u c v C £ 

'S e & * s a ?n 



E S E 



1/5 QJ QJ 
C _3 

<l> 



S S.S 



„ qj cd w c 

2 a £ c § a 

'—i U — CL 

O O « ~ *J 



QJ 



C bo ra -g £ g 0 £ 



CuXi 



.3 2 



L "5 W 



O 3 



CM 



o H 



u2 « 

^ u- 

- - <U JD 

CL O ^ -C C 

< - a- g- c g 

^ - v * c 

£ 5 _e c « 

P 2 •£ S £ 

•m JO no qj 

E c 2 



3 b 



6 — -fi — 
w "0 



S 5 g S « o- - 2 



3 £ 



3 <U -C 



g 5 £ -5 



8*8 

C .5 2 
rt u re 

fi 5 -g fL {3 



bo 



3 TJ 



cl ^ 



■ (Li 3 



h E 



3 CL 0 fc- .0 

q 3 O i; 2 ,J3 
r c y u c/5 

^ ts a; ^ r- s 

C - CL a u fiQ 

IK 8.-S 1 1: 
s i 1/5 £ § 

^ u w 2 
H oo 3 > 3 .g 

i * w i 2 o 8 

3 C C £ Qj n 3 

* .§ 2 S S "g 

* qj c n 4 - 1 C 
j Kr ^ -C o x c 

L w "3 X g 3 

^ g .£ 

1 1 1 1 . 



c o 



■3 S £ 5 3 0 

n* M CO > 



h > 



E 





•<L> -n QJ — V 

-5 S o « S . 

q C bD « 

fcP c w .S 5P 

^ c j: 5 c 

© T3 - JS 'n 

QD Lu -r • 



00 

3 O 



W C a 

E rt - "3 ft 

3 2 u t ^ , 

5T S 5 P-.E c E 



ro o » JS 



oj .2 



- « 2 u 

°oo C « 



E -S 



- ?rs r- W rt 

E 2 § -c 

S H O 4J U 

QJ O d 

U N u QJ °P 

CL O © £ .5 

E § "irlc « 

85 E ^ o 

«j 3 — 

ro go hn c 

c O op.- 



| s 8 



' ro 
o 



CL 



-3 

c 

ro 
0. 



Si 5 

U .3 

QJ O CM © 

a QJ "8 ^ 

« 2s £ w © 



QJ 

-3 iu 



~ < * 8\S p g g g O 



cl 

«- 5 do -° = ' £ S v P * 



ro * ^£ ^ .h ~ a. 

w >^© ft © 3 ty 3 

3 q ^ E d : « « £ ■ 



P ^ c > 



bO 

S J2 



D O « 

ST S- c 



0 £ U w 



rt O x 



~ - « S S g 7, 

- a> c E ^ w - 



.S 6' 

i; Oh 

« o 

C C 

o Cu 



«3 C _ 



° ^ 1 1 1 



«5 tj B 2 c 
ti 2 S <u c fc 

c 5 c c 



o c c 



ti y 



4J 



03 rt 52 

2 



rt i 3 _ w 



bo 

CO 



^ bo CL u 3 — -o — 



00 QJ 



O TJ 

" O 



5 ^ ^ 



« 2 OJ 



o 

Q 



O 



oo 



J ep! J 1 
§ iS = ■§ i 

w — ^ O 
(U c ^ o . 

in • _c > 

1 ^i^i 

I ffl I a c " 
S-.S 2 g i 
i a < -o -° 

O i> OS u V 
u ^ o Jr, 

k: Cl. i- 2 J3 

^« u Eh 

— . Cu 
« Cu'U 

u 



0 



o x 

So 1> 



C 
V 

£2 



K J3 "5 J5 

c -a £ v 



V 



"tL 



S CO S 



V 



c 

'5 CN 



E a 

v rt ^ <d bo . X 

O E rt m w C 

u > rt rt 



C X O 



2^ 

-o H 
c 

S o 

00 



w o u 

o-S .2 ! 

C 5 3 " 

HI 



S 2 a, E 
- E v 

o " 



c 

« w *- 



o - 2 2 y 
c 

= 3 8 i5 £ 

a- c 



U (LJ 

u 



o 
u 



<« rt o ^ 

on Oh 

E w S 

o S *S 



- E 
Cu"* 
3 T5 



a; 23 
u 



OO U O V 2 ^ J j; 

/ O w w ^ U a; u-. 

; *— CL g ™ rfl hi s ft 



1- u ^ tu U-i 

^ ^ ^ ^ ^ ^ S u 
rS ^3 5S p H= U .ti « O 



CL W 

Co v> 

o » 

CD 

U9 C 

tu — 

■S .5 

S c 

tiJ 

'-5 ^ 

•c E 

i.i 



^ — - vi m qj yz. • iy 

"rt 4j o i— aj 

^ H S S-S-Ss 

tn ^ f> ( cu on C 

CO W U 



g T? J- ••■§■ ;CL r3 ^ 

•E ra 8- : >r u 3 5 53 

> . _ 3 CL ^° 3 

-3^-o^.E <ui2 

g 2 = r s 



XJ 00 



« . rt w 

J- ' ^ ^ u 
a_, O nl — *3 



3" 

o 



ctl CL 



_ (L» O kV 



5 
- 3 



E J -o 

») c 5 

w D rt 

s 

3 rt 



^5 
w 3 



Cu£ ^ 



-5 U 3 



u *3 3 
3 Cu 3 



1^ 

o u 

u 00 o 

O 3 c 



3 ^ i! u qj 3 >--2 

C 3 w CL . rrt 



3 CQ <U 
3 S -3 

3 



(U y W 

o is 



2 . : 



&2 2 5 o 



U 03 £ 

2^ |-2o 



S ^ 3 fll y 3 



3 

E 



1- 

CL 
X 



P 

o 



V 
3 

cr 

bO 

c 

"3 
bo 



> 



e - 0 -= 
3^03 



X t3 -3 . 

5 ■■SB" 



(11 fc 



-3 — 



r „ rr T3 3 u-i 



0 5 2- 

°- 8 rt 



g U CL g rt © ^ 



* 00 

E ^ 



r 5 -5 ^ p 3 s "5 « o ^ c 

* rt 1 y — ^ C . QJ ' 



5 ^ 

« rt p 

S QJ 3 

O u O 

u 3 u 



S 5 - o o 

^.3° « ClO " u 
^raS'SQJ^OS 

« w oj R Uh "2 .E r- 

3^ & g J 



T3 
3 

3 
O 

V) 

3 

3 QJ 

QJ — 



bOfli . ^ Z. r — 

S £T§ &,2 g"a 



« o72 cl2 & ^ s a> 



QJ 

E 

1/3 1 3 "3 

- r QJ " 1 •£ 5 rt w 

S 2 S -S g-o 00^ 
B ■§ S -E ^ 



3 ra 
a 

QJ 

o E 



5 I 



—• o , "3 rt QJ 

00 uh c .3 c > 



00 «Sc'^.3 3r o<«cc 
QJO 3" 5^ 3^*5 



w O 

— to 

QJ 3 

I- X 

QJ U 

-s 

QJ ~t 

>r 00 

c fS ' 

3 to 



rt ^ 3 qj - - c 



re — 



3 C 
O 



CL 



row "z } w £ 

*5 u ,0 h - 3 

' cl -3 u-i 

b a co .« © 

3 j= 00 J= y 

3 3 - 3 

X) -3 •> ro 

3 « 3 5J P 

ro qj o OC u 



qj 

'3 
cr 

QJ 



„ 3 
CL "3 

O 



« .S 
8^ 

U QJ 

o — — 
cl rt r 

> " 



8 2 a " 3; .2 



ty ^ O 
u £ P 

Cl qj 



QJ 
•3 E 

3 > 
QJ > 

.s 

QJ 
JP 



R Jg 3 .a h £ 



^clEooqj — 3. 



&i qj Cl c „ 

1> > O 3 3 00 

Cft 2 l. 0 - - - 



2 -2 2 k E a 



Cl 

QJ 3 
X ro 



rt Qj 



' QJ 



3 E 



ro cn 
3 — ' 



ro* 1/5 
O ^ 3 O ^ 

.£ 8 E i?>^ S-.E i 



<n U V3 us 



ro 
o 

u 



o 

CL 



o 



-■ s 1 8.1 

> c fe 



zs c 



T5 E 5 
^'3 5^ 



o > u S 

v a e e 

«* 0 <U 



OJ J- fO 

c JS JS 

<u _bp £ 



W ,0 



•5 « >s 



; 15 ti 



S.S.2 5g 

t/3 (J 1/3 U- 



LT5 fc. 



C 03 p QJ OS V 



a o o ^ 



■S "S -D 



T5 rt -C 



<y (U 



(U oj — j 

3 <u c 
.5 -Q <u 



3 C 



' s c « ^ -S X 2 



1 03 



5>- 2 c "S ' 

S & •§ £ 



J2 w <— 



.2 a 



o .5 



•3 -2 cd 



.3 c 
E .SP 



.is « 



"5c E 



re 



.52 '5 1/5 



-h .£ - 



.2 "oj G), £ 



E,S ■.s;;S..: 



oo oo X 

^ ~H >^ 



6^ 

ill 

3 — « 4J 
U . 00 

£ ° C 



C g C u 

C 5 * 0 3 

- u So *2 ^ 

3 § CL 

« oo o ^ 

5; S © £ 



.52 O C ^ 



v 



3 S £ | - 
5 o u S S 



CO 



-3 « £ c ^ 

E 2 J3 bo g 

t/) ' 4-1 

2 u s§ 



CO 



a, .2d ^ 

u y 

^ A $ 

GO U S 



8 » E S -a 

•G ^ • « c 

& .ESS 
3S5 2 !j , 

£ u n ^ ^ i 
^ 0-5- 

J3 i 



en 



J2 J= 



3 «« 



p O 



o o 



t) O rt W n j- 



Jg -n 



r-i *n r« 7\ 



03 « on «j 



C 3 3 *-* 

.2 £ o 2 
bp g u o- 



c n 



j5 .5 >> 

_ T3 i; 

U D 3 

P £ M 



r v r « B» 
U u JS iT> 5T 

o o ^ r- j2 
a- a. ^ a> u 

"5 t/5 2 > 

f . , J- «u 



P C 



n3 



1 OO 



.HZ? 



3 w 



cujs 



CJ O 



bJD 



•5 CD 



2 £ £ 



: 03 



^ u o 

e .fa M a 



; u < o 0 « < 

3 -5 2 *n 'C is 

• O O > 00 ^ 3 

, JS ^ - u Oi d ^ 

■ bO C T3 — • bJD & 

1 3 = > "5 r I " 



'£ .2 ai Q « 



WW . ^ 
r U « -A 
bcGO J ^ 



2 > 



■s h a 



re w go 



c 5- 



^ cr c 

8 « u £ ^ - - 

S 7 C Uh E CO 

ra Q "Sj ii _^ 2 

C h u bo Si -° O 

P3 ^ 03 v q >n *3 

c2 00 03 w 5 03 



^2 s a a 



o « w 



2H 



bo V S 



o js 



■ 1— 



Du ,03 



* 9 >S tJ 



-5 



bo — bo bc-3 O- 
u Jr u u D- t- 



eo 
ao 



Z 

o 

< 
Z 

S 

06 

o 

Q 

Z 

z 
o 

I— I 

p 
o 

CO 



u JJ O 



rt - 

U QJ 

C , 

-O.2. 

£ J 
* "5 



re 

CL 



_C 3 5/1 



QJ 
C 



bo-~ 
C 



<7> 



boo C 



^■5 



o 
c 

"3 00.22 
- c 7? 



3 < 

09 § 

qj © 

•5 3: 

. O c 

o c •= 

0.2 S 

^ £i g 

5 x _ 

3 2 

c a; 5 

S w o 

£ bo C 
* 3 O 

0 E 
S 0 

u 

<u 2 m 

£.2 2 

2 ^ c 

re — 



© 

■<SL 



qj 
-0 



2 3 

C3 3 w . 

.2 <u <^ 

•3 « 

2 iS 

O J5 

1/3 L 
QJ 



OJ qj 
cn ell 






O EE 






£ =5 




0 


bo C 




z 


•E 'qj 






inclu 
ons a 


d 




"w 


0 


nes 
ncti 


-2 

3 


H 


QJ ,3 


O 

a 


•— > 
? 


{/a 

C QJ 


0 


rd JC 

E ~ 


bo 


0 


C 




Lm rt 
O -C 


■5 




ssion i 
and t 


re 
-2 

>^ 
re 


w 






HH 


B s 

cl.2 


re 


>N 


QJ re 


Oh 


J 


ll 


u 






re 
aj 


z 




.5 




2 t - 


jy 




c u - 


"bb 




O TJ 

<-> C 


c* 


H 


_C * 

u 


re 


— > 


"3 1> 

1 1 


4-1 


0 
b 


ction 
r enz 1 


o 
c 

"0 

c 


8 

0 


fun 

11 U Id 


re 

on 
>x 


53 
h 


>^ v 


re 


w 


u u 

2 2 


^ 


...s 


•3 * 


re 




3 V 




•* 



«5 
W 

Z 

*a 

o 

z 
o 

Z 

s 

a! 



i W5 ' .^i 

Q--3 3 

U (j 

D a (N • 

t ° 00 
^ .2 S ^. 

O re ^ 
u = .1 

B E 

CL »- _ 

* bo cL 5 

1 (U 



bo- 



? - SU re S .2 ^ 



c 

■R ° 
2 £ 



o >- 

3 1> 

O re 

re ^3 

C r3 

O t« 



re fr . g 



re 



3 

^ 13 

3 



bb2^ g & 

■3 c C w 



3 T3 



o 2 



re 



bO 5 -3 



re re 



t- w 3 ^ re 
re qj r . u 



C 



U T3 re 



O 

>^ w 

bo re 
£ 3 

c 2 



o 
c 

o 

re aj 



cS^°aoc bo - 
Eo c o^bObo^g 

fe CL O >s © « fe « J= 

fc-2 3^ 



»6 
• o 



re 
c 

E 
i- 



■s re 
S « 



4j 3 
u ^ 

re 



< 
Z. 

£2^ S 

C a; C u 

3 §-.§2 

u qj ^3 w 

ii" 53 S g 

^ C 4J U 

? flj -O QJ 

aj aj a 

C -O OJ o 

u > - S 

■s « ^ ° 

-3 O 

w qj re 
> J3 

S 3 o. 

2 2 



E w)^; 



^ CL w C C C 

O 2 c« bo « *g 'JJ 

0 < :s 1 1 .s ^ 

bo^ -a o 

g; .2 T3 £ ?^ 

^ S ^ o C .2 

"3 CL C C 

«« bo-0 re 3 

•C ID rt > ^ 

*j re 2 
o j= E 



60 £ 

c -~ 
2 u 
re ^ 
.2 ^ 
E £ 

T3 _. 

C 2 
re 3 

ii 



o - -a sr >s 



_ © 

1 o 8 S>^ = -o 

2 .SP-6 S g 

^~ a o jc * 

i 8 % 2 « S 

re bo b v 



v E 
o 



bO , 

o -f 



QJ 



C/5 



QJ 

O J= 



bb 

e g § 

u U "2 
2 -5 £ 

CJ u 



E h -3 o o 
o . c — p ^ ^ „ 

•g .-S 3 ,g « H.Ziv-S 



QJ U 

3 U 
bO„~ 

O T3 

re 2l 

re o 

— - > 

"3 <u 

- £ 

QJ OJ 

> -O 



3 

QJ 

E 

Cu 

> 

QJ 

-a 



OJ 
C 

a; 
be 
ea 

S 

s 

"3 
c 
o 

w 
U 

02 

cn 

a 

a 



© 

cn 
O 
CL 
c« 
C 

2 

H 





O 

05 



u 

QJ 



OJ 

E 

c 
w 



QJ 

£ 

w 



§ 3 



oo 

CD 
00 w 

— i o 



is 

OO ^ c 
^ "S c 



bO * 



«0 o-J 



c « 

SP « E 

C to ,s 

n « J5 

>- > w 



2 S 
I | 



'3 

■§ 

CO 



re ^r> 

rel | 

<o e 

5 °Q 



CL 

E 



CO oo 



co 



(J w 



2 oo 
£ o 



00 

^ « co 

■« re c 

<to N fc ' 



-rr ^ ( 
00 ^ « 
O) oo • 



2 -3 
c a. 

W CL 
J- 

Q- Tj 

^ o 



H Z 



oo 

2 °> 

E 3 

o o ^ 

z — ^ 

= "3 

re c 

re « -3 

e s 

2 5 jj 

w *0 re 
O Z 



iS ^ 

-a 
c 

c ^> 

QJ %1 

C/3 . 

-Q re 
O 

2 rt 



2 s 

* bO 
"re bo 



z < 



oo ^ 
re 

oo 

C7i « *3 

— ^* c 

^ re 

3 3 J" 

K x a 



■2 

re g 



E i 

< QQ 



a u ^ 

^ 3 3 

«o C •*» 

OQ -D «3 

5 



o 



a. 



3 

3 ^ J5 vs 

-5 -C5 

rs 3 t 3 
o . >< . 

Q 



-c -a 

Q. Si 
QJ 



3^ ^ 
< 



CM 
00 



3 



CO 

oo 

CD 



O O) 



O 4> 
CO S 



00 

CT> 00 
ho 

C —J 



C 3 

re re 



^ Z 



o 
bo 



E 



00 



c 

CL 



h 



oo 




IBS SS-Ooj;- 



C O £ T! "2 



•2 



03 s -5 



E a - 2 

, ^ _5 IT aj 



= -3 



.S 2 



Sf 1 



3 tz. 



R -s — - > 2 

U rt (i — r- — ' 



3 O — 



u — > 



2^03 E 



' = c/i 



.5 c 



■3 « 



E « 2 

• 2 r± n-i 



<u .5 



— 2- w 



^ 00 




4-J L3 



S 2 -o ~ 



3 



u TJ -3 



£2 — 
3 13 



I* H g-s s i 

^ f to- T? u 



E 3 S 



3 <u ^ 



-2 o .a •§ 
£ '5 .a - J - 
«« 3 h 60 E -a 



g fS rt ° 

QJ cd - V) 

O CO 00 bO 

S o o ^ -n 

0 « ■« ^ m 

1 2 "S - 



c« — o u ^ 

J3 lt ti | a 



.52 w 



O oj 



w 5 -2 « «- O ^ ^ 

°- - s -a s 



CT3 

° - -O ^ oo 
3 (« ? M 



RJ 



> -r ^ T3 nj 2 
•S ^ Q -C "o 



"8« J 5 



.3 u cS 



* S g o J! ^ u 

0 >~ e S £ .a 

0333 O <U <U 

■a 3 u ^ . ^ ^ 

ja 5 js 5 s * « 

3 S ^ o/> l2 75 

; « ^ ; 4 a » o - 3 

: <u -3 3 3 



o « E ^ - 
■S cfl .2 



at*. 3; c 2-- 

rt> -3 - qj 0 u w rt 



2„S.?Sr"!!Eoi!i 



,o o S s ^ a. c 
t i cL g * -o a 
i-a V I o ^"2 



on 



g a, o 2 .2 

« X> ^ 1/5 :£ w 

«; O *j d to 

u 3 3 ^ 3 g 



S o •£ -ss o 5 o . 

.3 t3 tJDJ^TJ <U"G Q-u 



= <u rt 3 
r3 ^ _ 3 

u — — O 




00 



5 3 



O 

Q 

Z 
< 

z 
o 

S 

2 

c/3 



C 
C 

o 



o 
a 

CO 

u 
c 
o 



IT) ID 
00 00 

© © 



s s 

3 CU 
U 

« o 

o 
S 



co ^ 
© °^ 



re O 



CM 
00 



u 

V 

? ^ 00 

J CN ^ 

"5 a C 

n a> . 

rt « y 

g fc S 

ffl u, X 



So 2S So « 
2 2 2 © 



*- 3 fc m 

i- d h 2 
u. m u. h 



© E 

^ — ^ re 

w ' r- tn 

oo oo -r 

e 2 -o 

00 3 w ^ c 

~ e c " ' 



■3 I 



Tf 

00 OO 00 
© © © 



© ro 



^ ^ C 2 



o o o _ 
bo bo bo 
bo oo bo , 



oo t 

© 



■£ "O 

»ft u> C 
oo re re 

2 re^S 



•7. E 



iO ^ ^ ^ ^ ^ 

* i?io lfl m in 

2 oo 00 OO 00 00 

, .. © © © © © 



~ -= ~ — Oh -K 



c c c c 



60 bO bO bO — 

c c c c - • 



re re 



TJ -D TJ 
C C C 



1 1 & a £ 



e -e g t c 



u u 

O O O 

u. u- u. 



3 £ 

bo bo 
re re 
c u 

< CO 



c o 

K i g 



2 bo 
•o -S 

t: t t C £ "3 
^ tJ w u w w ^ 

« c 
n n 



T3 T3 -O 13 w 
C C C C T3 



q> re v v 



3^ O 



-j *j *j c 

b. u u C 

O 0 o o « 

u. u. u, u. >- 



^ oo 



CO 

— re 

oo 



re £ £ 
re en 

Crt a, — 



U E E 



CM 



CM 

in 



tD O 
00 o 
CM O 



O 
© 
© 



© © © 
© © © 
— CO CM 



CM 

© 



© © © © © 
© © © © © 
*~1 ^ 1 °^ ^ 

CO ift (i tC V 
CM — — CO CO 



© 
00 

© 



re 

^ oo oo 

^ © © 

w ' 00 <i- 00 

" 2 S "S 2 "3 

^* ^ « v > 

c . c . ^ 

© a n bo"o « 

— ^ bo b — "5 

— u * c 3 ^ c 

± « .h •= -e .= w 

S n S a ^ S > 



© 
© 



© 
© 
© 




s .e s g c 

cu ^ © a o 
w 0 § o c 



be 



O "0 op *j re c n 

8 e "S S § fc 3 | g. 

■§ i I - - is j § 

<U r- » — <• *J QJ 

w re 



re ^ O C 
E JS ^ u .0 

rS * w c a 

^3 « O re 

T3 ^ J5 -S *S ^ ? '~ 

1® o ts Bd-^f 

6 JB S £ ft- 3 5S- S 
a. " "O k™2 c tj 

.0 c g « 



O .2 



a. g 



u C 



re 



. 7^ , u* u w 

m z; > fc 

— 00 £ r> O 

«— UU t/3 o 

r ^ £ CQ 

QJ C tn 00 J3 jg 

> o « bJOw 



f w o 

B-S gg 

5 T3 <u 

P u u 




- go 
o . jS ir> x g n - 

*B3 8 ^ ti.s 

« S 0 - £ tj 

C "-in - 3 
"3 S g S O "O 

w C c < 



O 5/3 



pa 0 

>S-C 



g ™§ - I" 

IJ8"| JS 

v «J n - 

■£ QJ "O c 

^ ■*-> fj • - 1 

•S 1 a 3 > 

a; £ g u "o 

^ « 2 -2 > 

o *« u M ^ c 

> 0 .S2 "~ 

S 3 » . ^ co - 

« 3 . > g 

0 3 h 

J! 8 s a -8 § 

H -u ^ S & < 




— * 

be- 1 < d 
^ bo ► 

C 0< O CM fi 
QJ w bOOO > 

C/3 0 



i 2 S -s S 

g fe § I *2 
s 2 s " « - 

w .£ £ S " u 
c bbj^ S 



£ j ■§ -s | 

e S re S 



4) .S 



/-s flj 



bo £ 



o a; 
bo - w >• 

"3 J -5' 



r 1 -ca.ife_i«fe 



1 SHU'S s a 

c rt qj bo U u oj 

E « •§ .2 -a jd u. g 
uO) C k J _ w , r"Ti 

o e - c .z i: 
« "g -a * "S E u 2 

^ J3 2 S .g « | 

C ~ 5 p u r ^ "5 

•2 be g T3 v 

rt^U.C c - o c tj 

3 *3 O ^ C ^ C 15 rt 

§ a -g 2 -s g-Sff J 

«"S S firm's,*' 5 

C ^ 2 c 8 r £ 

13 « o .9 x -a 2 c § 

c EQt! lu Q 0 o 
o £ 5 a ad §• £ ' 



3d K O « <-> 2 a, ->J2 {£ 



? U n v 
bo « S 55 *- 

£ u 4> > ~ E 

^ n n O • ° 



H C 5 u w — rt 



E C 3 "0 

w ^ a; to 

H « tn «5 . ^ — - 

^ ' ^ < <c 

5 c -7 oo 

Oi, O q; £; 

'rt-^pri «3 bJD C& ■ — i 



a * p 



2 u 



0> 



-2 E 



2 b 



> b a 



2 > 



3 ^JZ 



C ■3- S3 w 

*- QJ 



E " 



? -^oo Jg r; oo u .g ■ g 




3 ^ 



rt ^ y ^ 

2 H -o *g 

QJ ■ 5 « 

t« « <u 



a> > bo 



bo £ 



X c c 



a. 

o 

a a- 



1 * 

re 



W5 O 



bo ™ 



C C u 



t3 E 



1 <u <; 

Sz 

bo bo 

aT.E 



1 S to re 

2 <u &! - 



00 



bo 



bO 



2 U -D 



oj E 



CD ^ 



o S a S 

■S So rt 

c £ g g ^ 

"3 OO g J „ 

.5 <U W cn m 

2 8 E "2 

S c o 3 ^ 

Q. U U in O 



Si 



^ 1J QJ N-t 



CO 



3 U 



- m S g 



.2 v 



5 -a ? l 



bo 



? J: .S 



1^ 



Z 

o 

£ 

N 

c 

o 
0 

3 
B 

3 
0 

re 
> 

o 



h 
< 
z 

S 

o£ 
W 
O 

a 

z 
< 

z 
o 

H 
< 

O 

Oh 

to 



0) 

u 

c 

QJ 

p 

QJ 
C/5 
(- 

4J 

O 

E 

o 



3 
H 



00 



O 



oc 55 °c 



C u 

re cj 

E -5 b 

r= re re 
O OC u 



QJ 



< 
u 
< 



< o 

< < 

< u 
o o 



b 

^ < CQ U Q W X 

3 b b b b b b 
** w w w w w w 

aqy.~.. ' ;.--Tv "'- c : 



qj in bo 

<u •- 
bo 



to 



2 

C 

QJ 
> 
QJ 

V 

> 

r~ u 

3 ra 

^ 3 QJ 
C ^ 

o 



•3 2 

3 T3 
i« Qj 



QJ 



C 

*j re 

rt u 

E x 

h u 

,o ■= 



QJ 



re 

E 

qj 
E 

N 

c 



be 
C 



< O v 

E b 
2 3 

3 on h 

•° b ~ 

oj >."B 

\3 qj 
u -O u 

grew 
o ' " 



bo is 

K 5 



3 QJ 

O Q 



C .'-T bo C «2 

b S g 5 S 

re 2 | J 2 

•5 « g ^ £ 

" - s 5 §. £ 



£ o 
re c 



bC 

a 5 <L> 

•S > ±3 
SQ § 2 

"~ 11 

O Qj 
JC 



C 

E . 

O tj 



OJ 



c qj 

QJ -C 

<jj - 

^ no 



y X QJ 

g QJ U. 



JZ P 



C 

o 



= 2 o 

QJ — - 



qj re 

QJ 



i 1/3 re 

w QJ 

c "5 

oj re 
be r 



« N — 



QJ 

c 

QJ 

bo 

QJ t/3 



QJ 



O S2 



o S 2 
2 8 .S 

T3 (L QJ 
W r 



U 

O 



re 

QJ 



1 c 

QJ 

bo 
o 

V 



£ c § & - 

- « B ij M 

^ O U 

QJ j- 
C 

QJ w 

be re 

_ QJ 



al 

- c 



re g 
^5 u 

QJ ~0 



o 
1 J= 



o 



QJ 



qj QJ 

•S 8 _ 

bo Qj C 

O fc rt 

u 

^ o rt 

2 o 



'H ^ .E 



o 

u _ 
o re 

£ .E s 

s « g 



^ 

QJ C 

bo re 

^ r- 

c 

IT re 

T3 > 
C 'r 

.0 QJ 

« _ re 

QJ oj " 

E c 

. o 

C 'C 

QJ Z 

QJ 3 
in C 

re . 



°-T, ^ X 

gJ QJ — ^ 

O *C -~ w 

W > PT-I QJ 

"re QJ 



o <A 

•> QJ 

g E 



s: « to 



bo 
re 



QJ bp r 
P qj * 



QJ 



h 0 
g Q 



-C 3 



.2 w O) X O -u 
u — P T 3 C 

- bpQ (J J3 3 == 
bo 



o 
E 

QJ 
JC 

u 



8. 8 

f: oj 

u C 

o c 

C QJ 

E 



C -C 



■ qj re 

r D O 

o c 2 

« 2 Q 

QJ \3 

C re >^ 

qj > J3 

bo'C c 
re 



re 
> 
c 



"5 QJ 
QJ ^ 



E re 
re ^ ^ 



c 

QJ t/T 



qj re 

w o y 

QJ .? %> 

h a c 

vj 3 QJ 

g bo 

° o^f 

C re 
O _ .u 

QJ O QJ 



U 



O 

Ph 

TJ 
OJ 
-«-• 



u 
O 

Oh 

E 



oj c 
QJ .2 

w o jS 

. , u ~ 

QJ bo 

4— J 

re 



r- J- — OJ 



= p £ 



QJ -J 



o J.T 

oo 



•8 o t| SLg 



3 QJ -r T3 o — 

•S^E2=Sj£&)^ 

QJ u b h CL _ 

g g a. o c x 
qj E y 



re 



c a- 

ii 

S-^QJ§U ~0^^=* 

-°re^O C3 Q < ,--Q J ^Qj 

s; IS = "g S -§ 8.2 

re mmm qj - ~* 
-c qj c 
M j= re 



O ^ QJ 



C re 



S W m <u 

- QJ 



b = 



c 

QJ wj -- 

bo re o. C X 

<^reO c ^ ^ ^ p 

c qj qj d *^ ^ Cu 
qj c 



O 
u 

&. QJ 



bo 



bo 



S *C 3 1 ^ 

a - ^) w 

P O U. U c 



QJ Uh 

■= ° - « U r - 

5c, re c o S ^ a^o 

qj M O b £ ^ 1,3 re _ w 



— ^ ^ re 

re o 



b 
bo 



QJ QJ S ^ cc .12 •= ^ u 
- - H e JC _ be — 



b; ^- ^ 
o O ?! 
CL ttJ 



x D o " .. «r o"3 c 
2 w o. v oo u . s J «j ._- 

J « U r~ . ._ .~ — n i 



S CL u CO I- . 3 „ 4) ._- 

h g - •Shffl g-.o "3 u -° Q 
^. g c ^ . r OJ -S O o > 
:8 P: « ^^--ciS^^-f 




O 
Q 



>- 

O 



s 



ft3 

.s 

E 

U 

o 

E 
c 

QJ 

o 
3 

QJ 
« 

re 



Z 



-D 



QJ 

o 

CL 

Z 



c £ 

QJ S 



o 

oo 



'to 



o 
oo 



CO 

oo 



5 ^ 
t-4 i^. 



J . 

— 00 <o 

^ ^ O) 00 

id £ r, 01 
oo rt — 1 
cn be 

o I c ^ 
bj re qj 

- 2 c = 
.ti « 3 5 
OIQJQ 



oo ^ • 
a: — 

— C7i ■ 



c 

n ^ QJ ■ 
j CO _o 



^ o 



^"2 2 re 
oo rt . - O 



CO CO Jt^ 
CO ao S 



00 

CT5 — 



r=> -S o — — : 



c 

o 

c 

0 J= 
bO 0 



bo C 
bo re 



5 c w 

« C o = 

QJ « re 

2 c E 

o J= ~ 
Q X 



,0 H 



TJ ^ 
C 

re 



S S re 

O O T) 

to w 2 



c re 



re 



^ re 
■E = 



JS 2 
re re 
Z X 



^ >n ^ 

2 2 S 

^ 
■ O 



re jj £ 
h O 



bo a C 00 

; 

^ c c 

i- X .2 ■=; 

£ £ Fa 



S S g 2 
2 2 S sr- 



§•3 

O 3 



re 

E ? " 

« C fc 

QJ .— 

re ^ bp 



ifj cr 00 
00 — ?j 

CT> ^ 
• bO "3 

IS ^ c 
>-2 0 

E 3 c 3 
«j u *E 

H w 



n < 



b 



° b % | 

w w (2 



b 

UJ 



b \ 



a o uj 
b b b 
WWW 



3 5 



b 
W 



03 O W 

b b b 
WWW 



b 
w 



2 

QJ 

bo 

OJ 

> 



QJ 
00 

re 



v 
bo 
re 



Cl o 



4^ 'D 



c w 

bo 

*^ ^ 
o rt 



f= 

D. C ^ 

^ a ^ 9. 

% 8S.-S 

— «« 

u 



3 e 10 




c o 

TD 

n <U s- 

4j .y .y « c 

3 D D - 

u u u 





"C 








o 








r: 


u 






0 

(A 


-J- 




c 
u 


0 


5 


irillt 


,n 




c_ 




IS. 
71 


■B 

n 




V 










1 


'5 
EJ 




CO 
CM 



Z 
O 

< 
Z 

W 

o 

Q 
Z 
< 

z 
o 



■S ° 

o c 



P £ 

< 

ri • 
00 



IT. 

11 

& 1 

•= e 

I | 

-c J: 

oo •> 
cr. - 
— e 

r c 



f I f ; £ s 



■5 ^ 

£ o 



5 <r. 



C 5 

u 

n E 



: r» re 



~ "F c 
M ^ C 
t C - 

3 



be ^ 

1 1 





"5 


l 









; i 
- cc 








cc 


"E 


O 


< 


• i^- 
< """ 


0 


c 
02 
u- 


_E 


— 

CM 


< 

CO 




CO 


c ^ 


i ? 


z 

C 


s 


^5 
"I 


cr. 
J 


O 


,«* 


15 


< s 








C 




5 


in c 




c 










u 


e = 


T 


u 








OJ 


_> 


~ IE 






=! 


r O 


re 




"** 


1 ^ 


'E 


.= 


c 


rj| 


a: 

-c 




C 

ra 


e £ 

O c 


"= £ 






-| 


re 


— 


: 


re | 


.1 








u 

3 








re 


=C 




*G 
W 


■a 

3 

re 

u 


! .5 




re 






Jj 




< 


l\o 








c 












U 




£3 






CJ 


u 





be ^ 
7. ^ 

1 1 

C £ 

E '5 



Q/ . 

cr. c cm 

CM ^ ID 



re 

<s — 



c 
He 



.50-00 



— t 1 

13 = 



5 



J3 C 
< 



i 'T ^ « 'I 

-3 " =00 tC'O 

r - 2 = I "E C 

c ^ §-«' ^ 

^ i C r; U ^ 

" - aj 6 re - ^ 

00 -=> 

• cc J 











p 


















X 




u 








re 






CJC 






07 '31/01 TUE 17:18 FAX 301 504 5675 NAL Document Delivery 

f 

Molecular Microbiology (1990) 4(1), 137-141 



©002/006 



MicroReview 

Pulling the trigger: the mechanism of bacterial spore 
germination 
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Summary 

In spite of displaying the most extreme dormancy and 
resistance properties known among living systems, 
bacterial endospores retain an alert environment- 
sensing mechanism that can respond within seconds 
to the presence of specific germlnants. This germi- 
nation response Is triggered in the absence of both 
germinant and germinant-stimuiated metabolism. 
Genes coding for components of the sensing mechan- 
ism in spores of Bacillus subtllls have been cloned and 
sequenced. However, the molecular mechanism 
whereby these receptors interact with germinants to 
initiate the germination response is unknown. Recent 
evidence has suggested that in spores of Bacillus 
megaterlum KM, proteolytic activation of an autolytic 
enzyme constitutes part of the germination trigger 
reaction. 

Environmental sensing and spore dormancy 

Microbial cells possess environment-sensing mechan- 
isms that respond to a variety of stimuli, including chemo- 
tactic gradients, heat shock, changes in nutrient status 
and the presence of deleterious chemicals. Many of these 
mechanisms have been recognized to include a Two-com- 
ponent protein system with conserved functional domains 
(Ronson era/., 1987; Kofoid and Parkinson. 1988). Such 
responses are dependent on metabolic signalling events 
within the cell and some (e.g. sporulation and the heat- 
shock response) require the transcription of new sets of 
genes mediated, at least in part, by alternative sigma 
factors. Bacterial endospores, produced as a result of 
differentiation of Bacillus and Clostridium species, 
possess a different and possibly unique class of environ- 
ment-sensing mechanism. This mechanism, essential for 
the germination response, is the subject of this review. 
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The intrinsic resistance, dormancy and germination 
properties of bacterial spores are dependent on an 
integral spore structure (Fig. 1) progressively assembled 
during sporulation and which comprises several spore- 
specific components (Ellar, 1978). The inner-most 
compartment, the spore core, contains the cellular 
components (e.g, DNA. RNA and metabolic enzymes) 
necessary for establishment of a vegetative cell cytoplasm 
following spore germination and outgrowth. Surrounding 
the core is the spore inner membrane, a lipid bilayer with 
no detectable fluidity, presumably as a result of poly- 
crystalline structure (Stewart et a/., 1980). The spore 
cortex and primordial cell wall comprise a thick layer of 
peptidoglycan which forms a cage-like structure around 
the core and inner membrane (Warth, 1978). The 
remainder of the outer membrane surrounds the spore 
cortex which is, in turn, enclosed by the complex pro- 
teinaceous spore coats. Spores of several, but not all t 
species are finally enveloped by an exosporium. 

Bacteria! spores exhibit no detectable metabolism and 
can withstand extremes of pH, temperature, desiccation, 
humidity and radiation which would rapidly kill the vegeta- 
tive cell from which they arose. These remarkable spore 
properties are dependent on the dormant spore structure 
and are the cumulative effects of several independent 
mechanisms. The spore core is dehydrated and its 
components immobilized in a lattice of salts of divalent 
metal ions and dipicoNnic acid, which confers metabolic 
dormancy and heat resistance to core components 
(Gould, 1 983). In addition, u.v. resistance is established by 
complexing spore DNA with spore-spec If Ic, acid-soluble, 
low molecular-weight proteins (Setlow, 1988). Finally, the 
spore coats prevent access of deleterious chemicals and 
enzymes to the inner spore compartments. 

Paradoxically, despite this extreme dormancy, spores 
retain an alert sensory mechanism which can, within 
seconds, respond to a favourable environmental stimulus 
and trigger the cascade of events comprising the germi- 
nation response. 



Germination 

We define spore germination as a series of inter-related 
degradative events, triggered by specific germinants, 
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Fig. 1. Generalized structure of bacterial endospores. 



which Jeads to the loss of typical dormant spore 
properties. Subsequently, outgrowth leads to the for- 
mation of a new vegetative cell. Prior activation increases 
the rate and extent of germination of a spore population 
and is conveniently achieved experimentally by sublethal 
heat treatment. The molecular basis of this process, which 
stimulates the germination response mechanism, is 
unknown. 

Germination is initiated by interaction of the spore with 
specific germinants, the most common nutrient germinant 
being L-alanine. Initial interaction of the germinant with the 
spore constitutes the trigger reaction and irreversibly 
commits the spore to undergo the complex series of 
germination events (Stewart et aL, 1981). These triggering 
and commitment processes represent the primary 
environment-sensing mechanism and are considered in 
the rest of this review. 

Germinant receptors and the trigger reaction 

A major thrust of spore-germination research has inevi- 
tably been towards identification of the germinant recep- 
tor and elucidation of its function; this goal, however, 
remains to be achieved. In many species, L-alanine is the 
major germinant and D-alanine acts as a competitive 
inhibitor, binding at the same site as L-alanine (Stewart et 
aL, 1981). These stereospecific properties of the germi- 
nant receptor suggest that it must be a protein which is 
allosterically regulated. Although the nature of the germi- 
nant receptor is unknown, the following evidence sug- 
gests that it has an inner membrane location. Spores can 
be germinated after extraction of the spore coats and 
retractile spore protoplasts can be produced with no coats 
or cortex, which also exhibit an apparent germination 



response (Fitz-James, 1971; Vary, 1973). A role for the 
spore coats In germination is, however, suggested by the 
observation that spores of gerB mutants of Bacillus 
subtilis, which have an altered coat structure, also exhibit 
abnormal germination characteristics (Molr, 1981). F 0 r 
spores of Bacillus megaterium QMB1 551 , onetif the major 
germinants is L-proline. An affinity analogue of L-proline 
(L-proline ch I oro methyl ketone; PCK) and the germination 
inhibitor acetic anhydride both label a 1 0.2 kD inner-mem- 
brane protein (Racine ef aL, 1981; Rosslgno! and Vary, 
1979). in addition, L-proline causes fluidity and anisotropy 
changes in isolated spore membranes (Skomurski et a/., 
1983). PCK labelling was diminished and anisotropy 
changes inhibited in a mutant unable to germinate in 
L-proline (Rossignol and Vary, 1979; Skomurski et a/., 
1983). 

Mutants of B. subtilis that produce spores unable to 
respond to normal germination stimuli have been isolated. 
Spores of B. subtilis have two major germinant systems: 
either L-alanine or a mixture of glucose, fructose, aspara- 
gine and KCI (GFAK). gerA and gerC mutants germinate 
normally in GFAK but not in L-alanine; conversly, gerB 
and gerK mutants germinate normally in L-alanine and not 
in GFAK (Piggott et aL, 1981 ; Moir etaL 1985). The gerD, 
E, F, G t H x i. J and M mutants comprise a heterogeneous 
group whose response to both the L-alanine and GFAK 
germinant systems is altered at a later stage of germi- 
nation. These observations suggest that the L-alanine and 
GFAK pathways converge with gerA, fl, Cand K required 
for the initial trigger reactions and gerD, E, F, G, H, I, J and 
^involved later in the germination response. One method 
of establishing the direct functional involvement of the 
products of a ger locus in the germination pathway is to 
identify temperature-sensitive germination mutants. One 
such locus, gerA, has been cloned and sequenced (Zuberi 
et aL, 1987) and consists of three complementation units. 
On the basis of predicted amino acid sequences, it has 
been suggested that these three proteins may form a 
membrane-bound, murti-subunit receptor complex. In 
addition, the gerC locus has been cloned and is currently 
being sequenced (A. Moir, personal communication). 

An alternative strategy towards identification of the 
receptor is to identify those events that occur as a result of 
its stimulation, A substantial body of evidence suggests 
that neither metabolism of the germinant nor germinant- 
stimufated metabolism are required for germination 
triggering in spores of B. megaterium and B. subtilis. 
Non-metabolizable germinant analogues, including PCK, 
are capable of initiating germination and no incorporation 
of label from radiolabeled germinants occurs during 
germination triggering (Rossignol and Vary, 1979; Scott 
and Ellar, 1978b). Mutant spores of B. subtilis deficient in 
L-alanine dehydrogenase, glycolytic enzymes and glu- 
cose dehydrogenase all germinate normally in both l- 
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alanine and GFAK (Prasad. 1974; Prasad et a/., 1972; 
Rather and Moran, 1988). Although it has been reported 
that phosphoglycerate kinase activity is necessary for 
L-alanine-induced germination of spores of B. subtifis 
(Prasad era/., 1972), this has not been shown definitively 
by, for example, insertional activation of the structural 
gene. However, there Js one well-characterized exception, 
Bacillus fastidiosus, which requires urlcase activity for uric 
acid-induced germination (Salas et a/., 1985). No signifi- 
cant change in the pools of spore metabolites including 
ATP, NADH and TCA-cycle intermediates and no irre- 
versible incorporation of tritium from tritiated water into 
spore metabolites occurs during triggering of B. megater- 
ium spore germination (Scott and Ellar, 1978a,b). Also, a 
wide range of metabolic inhibitors, including KCN and KF, 
has no effect on germination of spores of B. megaterium 
and B. subtilis (Rossignol and Vary, 1979; Venkatasubra- 
manian and Johnstone, 1989). These observations 
support the hypothesis that the germinant receptor is 
aJlosterically activated to initiate a cascade of hydrolytic 
reactions, resulting in germination. 

Inter-relationship between germination events 

Determination of the sequential inter-relationships 
between the early germination events is essential for an 
understanding of the trigger reaction in relation to the 
overall germination response. During germination, the 
spore concomitantly loses many of its characteristic 
properties including retractility, resistance and dormancy. 
A number of biochemical events accompany these 
changes which, during B. megaterium KM spore germi- 
nation, can be divided into two categories: first, those 
early events, including commitment, loss of heat resist- 
ance and DPA release, which can be detected within one 
minute after addition of germinants and which may be 
associated, therefore, with the germination-triggering 
event; and secondly those events, Including selective 
cortex hydrolysis, loss of soluble hexosamine, decrease In 
Aeoo, net ATP synthesis and the onset of general spore 
metabolism, which are initiated at a later time (Johnstone 
etaL 1982; Foster, 1986), Thus the germination response 
comprises a series of interdependent biochemical events. 

The relative asynchrony and heterogeneity of the germi- 
nating spore population makes precise sequencing of 
germination events impractical by direct analysis. The 
potent germination inhibitor mercuric chloride (HgCI 2 ) has 
been used to dissect the germination pathway further. 
Two Hg 2+ -sensitive sites were observed during germi- 
nation of spores of B. megaterium QMB1551 (Rossignol 
and Vary, 1977). In B. megaterium KM, the first of these 
sensitive sites (site I) is involved before commitment in the 
germination pathway and is deduced to be the L-alanine 
binding site since it can be protected from the effects of 



Hg 2+ by D-alanine (Foster and Johnstone, 1986). The 
second sensitive site (site II) is involved after commitment 
and probably results from inhibition of a cortex-lytic 
enzyme. In the presence of 1 mM HgCl z , 30% of the spore 
population becomes committed to germinate, whereas 
<5% of post-commitment events including DPA release, 
Aeoo loss and cortex hydrolysis occurs. Using these 
differential sensitivities of the two sites, loss ot heat 
resistance by the spore population was shown to be the 
only commitment-associated event, possibly caused by 
the creation of a heat-sensitive active enzyme (Foster and 
Johnstone, 1966). Protease inhibitors arrest germination 
of Bacillus cereus at an early stage (Boschwitz et a/. , 1 985) 
and have been shown to inhibit B. megaterium KM spore 
germination at a pre-commitment site (Foster and John- 
stone, 1986). Thus, proteolytic activity is implicated as a 
part of the triggering process. 

The role of cortex-lytic enzymes 

Other hydrolytic reactions remain strong candidates for 
involvement in germination triggering. Activation of a 
cortex-lytic enzyme has been suggested, by several 
workers, (e.g. Powell and Strange, 1956) to have a central 
role in the germination pathway. Cortex-lytic enzymes of 
different specificities have been isolated from spores of 
several species, but their involvement in germination has 
not been unequivocally established (Ando and Tsuzuki, 
1984; Brown et aL, 1977). The germination-specific, 
cortex-lytic enzyme (GSLE) of B. megaterium KM purified 
from germinating spores has been strongly implicated as 
an essential component of the germination response 
(Fosterand Johnstone, 1 987). In the dormant spore, GSLE 
is present as an inactive 63 kD pro-form covalently bound 
to the spore-cortex peptidoglycan (Foster and Johnstone, 
1988). During germination, active 30kD enzyme is 
released which selectively hydrolyses the cortical pepti- 
doglycan. This enzyme is most probably an amidase, 
since it causes selective cortex hydrolysis, as evidenced 
by its ability to cause an increase in the number of 
muramic acid 5-lactam residues in the spore cortex in the 
absence of germinants (Foster and Johnstone, 1987), 
which is a known early germination event (Johnstone and 
Ellar, 1 982). GSLE has a very high substrate specificity and 
can only hydrolyse intact, in situ, spore-cortex peptido- 
glycan. Thus the spore-specific peptidoglycan muramic 
acid ft-lactam residues may play a role in GSLE binding- 
site recognition. A requirement for stressed peptidoglycan 
substrates has previously been suggested as a regulatory 
mechanism for autolysin activity (Koch, 1985). The inhibi- 
tor profile of GSLE activity and loss of absorbance during 
germination also show a high level of correlation. GSLE is 
Hg ?+ -sensitive and thus probably represents the site II of 
Hg 2+ inhibition during germination. Inhibitor studies have 
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also shown the activation of GSLE to be associated with 
the commitment event, but sensitive to protease inhibi- 
tors. Thus current evidence suggests that proteolytic 
activation of GSLE forms part of the commitment reaction 
in spores of B. megaterium KM. Disruption of the structural 
GSLE gene will be necessary, however, to unequivocally 
demonstrate the proposed Involvement of GSLE In the 
germination pathway. Anti-GSLE sera shows cross-reac- 
tivity with spore proteins of other organisms and therefore 
similar enzymes may be present in these species (Foster 
and Johnstone, 1988). 



A model for germination triggering 

The following model for the germination pathway of B. 
megaterium KM was proposed (Foster and Johnstone, 
1986), based on previous germination models and the 
results described above (Stewart era/., 1981; Johnstone 
ef a/., 1982) (Fig. 2). This model has now been substan- 
tiated by further work (Foster and Johnstone, 1987; 1988). 

Heat shock activates the L-aJanine receptor (R -► R v ), 
which becomes triggered by L-alanine (R* -* R**). The 
L-alanine receptor has been identified as the first site of 
HgCI 2 inhibition (site I). R** has proteolytic activity, which 
converts a pro-enzyme (L) to an active, heat-sensitive, 
cortex-lytic enzyme (L*), which is also HgCl 2 -sensitive 
(site II), Commitment may represent the L — > L* reaction, 
and the loss of heat resistance prior to commitment is due 
to the heat sensitivity of R** or L*. Cortex hydrolysis then 
allows uptake of water and the onset of ail other 
downstream germination events, including loss of Ca f+ 
and DPA, loss of spore refractility, release of soluble 
hexosamine and the onset of core metabolism. Very low 



levels of cortex hydrolysis, which cannot be detected by 
existing techniques, may allow the release of small 
amounts of DPA from the spore core early in germination 
(Johnstone and Ellar, 1982). Thus the cortex-lytic enzyme 
regulates rehydration of the spore core during germi- 
nation. Once water enters the spore core, it may soluble 
and allow release of CaDPA as well as rehydrating core 
proteins and initiating the onset of general spore meta- 
bolism. More extensive cortex hydrolysis will allow the 
release of peptidoglycen fragments, which occurs as a 
late germination event (Dring and Gould. 1 971 ; Johnstone 
eta!., 1982). 



A common mechanism for spore germination? 

During the past four decades, a substantial body of 
experimental data concerning the mechanism of germi- 
nation of endos pores of many species has been accumu- 
lated. A realistic starting point for inter-relating these data 
is to assume a common germination mechanism for 
spores of all species. Such a hypothesis is supported by 
several spore characteristics. Overall spore structure is 
very similar in all species (Fig. 1) and, in particular, the 
spore cortex peptidoglycan has a unique structure that is 
highly conserved. The osmoregulatory constraint 
imposed on the core by the spore cortex is considered to 
be the primary mechanism whereby spore dormancy is 
maintained and elimination of this constraint leads to the 
typical germination events. Also, the overall germination 
events are common to all species. Thus cortex hydrolysis 
may constitute a key event in spore germination of all 
species. Evolutionary divergence has led to the many 
different specificities of the germlnant receptor and if 
cortex-Jytic enzymes are activated during triggering, they 
may also show different specificities and modes of action; 
however, the underlying germination principle may be 
universal. 

The model proposed above is the 'backbone' which 
forms the basis of the search for functional components 
involved in germination in organisms other than B. 
megaterium KM. Identification of the role of the gene 
products of the gerA operon, which codes for components 
essential for the L-alanine response in B. subtilis (Zuberi ef 
at., 1987), may now allow their relationship to as yet 
unidentified spore components responsible for the 
breaking of spore dormancy to be determined In this 
organism. 
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1. INTRODUCTION 

The metabolic dormancy and the resistance properties of 
bacterial spores are both crucial to the ecological role of 
spores as survival structures. In order to complete this role 
it is also essential that spores are able to monitor their 
external environment so as to trigger germination in suit- 
able environmental conditions. Thus paradoxically, in the 
absence of metabolic processes, the spore must retain an 
alert sensory mechanism which is able to initiate the germi- 
nation process (Gould 1983). Metabolic dormancy and heat 
resistance are imposed on the spore core by a number of 
mechanisms ( Gerhard t and Marquis 1989). These include 
immobilization of core macro molecules, enzymes and 
metabolites in a dehydrated calcium dipicolinutc gel 
(Stewart el ai 1979; Stewart et ai 1980; Johnstone el al. 
1980, 1982a). In addition the inner spore membrane is 
present in a semi-crystalline state (Stewart et al. 1979). The 
germination sensing mechanism must be able to function in 
the absence of general metabolic processes and thus must 
escape the mechanisms of dormancy and resistance gener- 
ally imposed on spore constituents. This mechanism may 
therefore be located outside the spore core and inner mem- 
branes and yet must intrinsically possess the resistance 
properties of the intact spore. 

This article reviews our current knowledge of the spore 
germinant sensing mechanism by building a conceptual 
framework from selected research articles to produce a 
working model of this mechanism. It does not attempt to 
review the vast wealth of spore germination literature — the 
reader is referred to reviews concerning spore structure 
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(Ellar 1978; Keynan 1978; Warth 1978; Russell 1982), the 
genetics of germination (Moir et al., this Symposium, pp. 
9S-16S; Smith et al. 1977; Moir and Smith 1985, 1990) 
and the biochemistry of germination (Foster and Johnstone 
1989b, 1990) for this purpose. 

2. GERMINATION AND THE GERMINANT 
RECEPTOR 

In this article the definition of germination as *a series of 
degradative events triggered by specific germinants which 
leads to the loss of typical spore properties' proposed by 
Foster and Johnstone (1990) will be adopted. Germination 
can be induced by a variety of processes including expi= ;r j 
to nutrient germinants such as amino acids and sugars, to 
non-nutrient germinants including dodecylamine, to 
enzymes and to hydrostatic pressure (Gould 1969). This 
article will focus on the nutrient germinants, the biochem- 
istry of which has been most intensively studied and which 
represent the physiological germination pathway. The 
nutrient germinants range from the simple amino acid l- 
alanine commonly required for triggering of germination of 
Bacillus species (Harrell and Halvorson 1955) to complex 
mixtures including amino acids, sugars and ions typical of 
Clostridium spp. (Bright and Johnstone 1987). 

The stereospecific properties of the germinant receptors 
demonstrate that this component of the trigger mechanism 
must be a protein, which may be activated allosterically 
(Wolgamott and Durham 1971). Typically the germinant 
receptors arc 50% saturated by 50-100 /imol T 1 concen- 
trations of germinants (Bright and Johnstone 1987; Venka- 
tasubramanian and Johnstone 1989). Other properties of 
the germinant receptor have been relatively poorly studied. 
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strates that the spore population rapidly undergoes the 
commitment reaction but that the time window between 
commitment and germination is much more variable. Iden- 
tification of the mechanism of germination triggering is 
thus concerned with analysis of the events which take place 
within the first minutes of exposure to specific germinants. 

4. BIOCHEMICAL CHARACTERIZATION OF 
THE COMMITMENT REACTION 

Several approaches have been employed to identify the bio- 
chemical events which occur during germination triggering. 
The knowledge gained from three successful approaches is 
summarized below. 

4.1 Germlnant metabolism 

The question as to whether metabolism of germinants is 
required for germination triggering has generated much 
controversy. Three strategies have been employed to 
address this question. First, a range of non-metabolizable 
germinant analogues has been shown to induce germination 
in spores of several organisms. These include L-proline 
chloromethyl ketone in place of L-proline in B. megaterium 
QMB15S1 (Rossignol and Vary 1978, 1979), L-alanine chlo- 
romethyl ketone as a substitute for L-alanine in B. mega- 
terium KM (Foster 1986), 2-deoxy-D-glucose and D-aUose 
as a substitute for glucose in B. subtilis (Prasad et ai. 1972) 
and allylglycine and cyclolcucine as a substitute for L- 
alanine in B. subtilis (Woese et ai 1958; Irie et ai 1980, 
1982; Sammons et ai 1981; Yasuda and Tochikubo 1985; 
Kanda et ai. 1988). Second, the ability of mutants deficient 
in enzymes in germinant metabolic pathways to germinate 
has been studied. Mutants of B. subtilis lacking L-alanine 
dehydrogenase (Freese and Cashei i>65), pyruvate dehy- 
drogenase (Freese and Fortnagel 1969) or glucose dehydro- 
genase (Rather and Moran 1988) all germinate normally. 
The third approach has been to analyse metabolism of the 
germinants themselves. However no incorporation of radio- 
activity into other compounds from labelled L-alanine and 
from D-glucose in B. megaterium KM (Scott and Ellar 
1978b) and B. megaterium QMB1551 (Shay and Vary 1978) 
spore germination respectively was detected. It may there- 
fore be concluded that metabolism of the germinants is not 
required for germination triggering. There is however one 
documented exception to this general rule: in spores of B. 
fastidiosus, uricase has been shown to be required for uric- 
acid induced germination (Salas et ai 1985). 

4.2 Identification of metabolic events during 
germination triggering 1 

An alternative approach which has been used to examine 
events associated with the germination triggering and com- 



mitment reactions in spores < f B. megaterium KM, is to 
look for biochemical and physiological changes during the 
first minutes of germination. These changes can be conve- 
niently divided into two categories (Foster and Johnstone 
1989b): (1) those events including loss of heat resistance, 
commitment and dipicolinic acid (DPA) release which are 
detected within the first minute of germination triggering 
and which may therefore be associated with the trigger 
reaction; and (2) those events including O.D. 600 loss, selec- 
tive cortex hydrolysis and the onset of spore metabolism 
which are initiated at a later rime and are presumably not 
therefore directly associated with triggering. 

No significant changes in spore metabolite pools includ- 
ing tricarboxylic acid intermediates, ATP, NADH and 
NADPH, were identified during triggering of B. mega- 
terium KM spore germination (Scott and Etlar 1978a). Fur- 
thermore no detectable irreversible incorporation of protons 
from tririated water into spore metabolites was observed 
during the first minutes of germination (Scott and Ellar 
1978b; Johnstone et ai 1982b). Thus activity of the major 
metabolic pathways is not required for germination trigger- 
ing. This view is supported by the lack of effect of a wide 
range of metabolic inhibitors on germination (see below). 

4.3 Inhibitor studies 

Metabolic inhibitors are potentially powerful tools to iden- 
tify essential metabolic events during germination trigger- 
ing. For this purpose it is necessary to establish that a 
metabolic inhibitor blocks the commitment reaction. This 
has been achieved in studies of B. megaterium KM spore 
germination (see below). In several species, germination has 
been shown to occur in the presence of a wide range of 
metabolic inhibitors including inhibitors of DNA. RN.A 
and protein synthesis, of glycolysis and of the respiratory 
chain (Dills and Vary 1978; Scon et ai 1978; Rossignol 
and Vary 1979). The results of such metabolic inhibitor 
experiments must however be interpreted with caution 
since the lack of effect of an inhibitor may be due to its 
inability to access the target site. In contrast, HgCl 2 is a 
potent reversible inhibitor of germination in several species 
including B. megaterium (Levinson and Hyatt 1966; Foster 
and Johnstone 1986). Evidence has also been presented that 
protease inhibitors block early steps of gcrminarion in 
spores of B. cereus T (Bosch witz et ai 1983, 1985) and 
germination triggering in spores of B. megaterium KM 
(Foster and Johnstone 1986). These findings therefore 
suggest that a component of the germination trigger con- 
tains essential sulphydryl groups and may have a proteo- 
lytic activity. 

. The HgCl 2 sensitivity of B. megaterium KM spore ger- 
mination has been extensively characterized. Two HgCl 2 
sensitive sites are present in the germination pathway 
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(Faster and Johnstone 1986). The first (sire I) is a pre- 
commitment evenr and can be protected from HgQ 2 by 50 
mmol I " 1 D-alanine, which suggests that it is part of the 
trigger reaction. The second (site II) is a post-commitment 
event and cannot be protected by D-aJanine. Due to the 
differential sensitivity of these two sites it was demon- 
strated that in the presence of 1 mmol I " 1 HgCI 2 , 25% of 
the spore population becomes committed to germinate 
whereas DPA, Ca 2 + , Zn 2+ and peptidoglycan release as 
well as loss of refractility and selective cortex hydrolysis are 
>95% inhibited. This commitment reaction, which occurs 
in the presence of 1 mmol l" 1 HgCl 3 was, however, inhib- 
ited by the presence of protease inhibitors. Thus in B, 
megaterium KM, the commitment reaction can be identified 
as one which occurs in the presence of 1 mmol l -t HgCl 2 , 
but which is protease inhibitor sensitive, 

5. PEPTIDOGLYC AN HYDROLYSIS 

DURING GERMINATION TRIGGERING 

Given the central role of the spore cortex in maintaining 
spore dormancy by maintaining the dehydrated state of the 
spore core (Ellar 1978; Warth 1978), hydrolysis of the 
spore cortex peptidoglycan might be expected to occur 
early during germination. Activation of a cortex lytic 
enzyme as a primary event in spore germination was orig- 
inally suggested by Powell and Strange (1956). This view is 
supported by the observation that germination can be initi- 
ated by peptidoglycan lytic enzymes if the spore coats are 
naturally permeable to the enzyme (Suzuki and Rode 1969) 
or are rendered permeable by chemical treatment (Gould 
and Dring 1972). The spore cortex peptidoglycan is struc- 
turally distinct from that of the vegetative cell and in par- 
ticular it is less extensively cross-linked (Rogers 1977). Its 
structural integrity is therefore likely to be significantly 
altered by selective hydrolysis of either the glycan chains or 
the peptide cross-links as a result of glycosylase or pepti- 
dase activities respectively. Although HgQ 2 prevents 
release of soluble peptidoglycan fragments during germi- 
nation (Rossignol and Vary 1978), cortex hydrolysis has 
been considered to be a late event during germination 
(Dring and Gould 1971; Hsieh and Vary 1975). Such 
analysis was based on the release of soluble peptidoglycan 
fragments and would be unlikely to detect selected limited 
hydrolysis of the spore cortex which could occur early in 
germination. Measurement of reducing termini during ger- 
mination of spores of B. megaterium KM showed that selec- 
tive cortex hydrolysis could be detected within 2 min of 
addition of gcrminants (Johnstone and Ellar 1982), provid- 
ing evidence that cortex hydrolysis might constitute an 
early germination event. 

Two classes of cortex lytic enzymes have been purified 
from dormant and germinating spores. First, surface bound 



enzymes which are able to hydrolyse isolated spore cortex 
but are unable to induce germination-like changes in per- 
meablized spores (Srivastava and Fitz-James 1981 ; Brown 
et ai 1982; Foster and Johnstone 1987). Since spores ger- 
minate normally after extraction of such enzymes, these 
surface bound enzymes appear to play no direct role in the 
germination process. Secondly, enzymes which are able to 
induce germination in permeablized spores have been 
extracted from both germinating and broken spores 
(Gombas and Labbe 1981; Brown et al. 1982; Ando and 
Tsuzuki 1984). The best characterized of this second class 
of enzymes is the germination-specific cortex-lytic enzyme 
(GSLE) of Bacillus megaterium KM (Foster and Johnstone 
1987). There is substantia] biochemical evidence that 
GSLE plays a key role in germination and that proteolytic 
activation of GSLE from a 68-kDa cortex-associated pro- 
form to yield a 29-kDa active enzyme constitutes part of 
the germination trigger mechanism (Foster and Johnstone 
1989a, 1989b). This includes: 

(1) Substrate specificity: GSLE is only active on the cortex 
of intact spores. No activity is observed on isolated 
spore peptidoglycan or on vegetative cell walls. GSLE 
thus has a specific requirement for intact stressed 
cortex peptidoglycan as a substrate. 

(2) Mechanism of action: incubation of GSLE with per- 
meablized spores in the absence of germinants results in 
an increase in spore cortex muramic acid (5-lactam 
reducing termini as is observed during initiation of ger- 
mination. 

(3) Inhibitor profile: purified GSLE shows the same Hg 2 + 
inhibition characteristics as the post-commitment site 
II HgCl 2 sensitive site. 

(4) Activation during germination triggering: activation of 
GSLE occurs in the presence of 1 mmol l _i HgCl 2 
and its activation is inhibited by 1 mmol l" 1 PMSF. 
This inhibition profile parallels that of the commitment 
reaction as described above. 

Activation of GSLE therefore conforms to the biochemical 
criteria for it to be considered part of the germination trig- 
gering mechanism. 



6. A MODEL FOR GERMINATION 
TRIGGERING 

A model for the germination triggering reaction in spores of 
B. megaterium KM which is based on models described 
previously (Stewart et ai 1981; Foster and Johnstone 
1989b, 1990) and which combines the key findings 
described above, is shown in Fig. 3. In this model the ger- 
mination receptor (R) is altered conformationally by heat 
shock such that it is more responsive to the presence of the 
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Fig. 3 Mode) for germination triggering in spores of Bacillus 
megaterium KM. For details see text. Based on previous models 
described by Stewart et a/. ( 1 98 1 ) and Foster and Johnstone 
(1989a, b) 



germinant L-alanine. The races of both commitment and 
germination have been shown to be stimulated by heat 
shock in this organism (Stewart et aL 1981), Binding of 
L-alanine induces a further conformational change in the 
germinant receptor which activates its PMSF-sensitive pro- 
teolytic site (R**). It is deduced that the activity of the 
protease is Hg 2+ -sensitive and constitutes site I of Hg 2 * 
inhibition described above. The active protease cleaves the 
68-kDa pro-form of peptidogiycan-immobilized GSLE to 
release the active heat sensitive 29-kDa enzyme. Depoly- 
merization of the spore cortex is catalysed by GSLE, which 
is also Hg 2 + sensitive and represents site II of Hg 2 * inhi- 
bition described above. Cortex depolymerizarion results in 
uptake of water into the spore core, the release of spore ions 
including DPA and Ca 2 *, and the onset of spore metabo- 
In this niov-el, germination triggering requires no 
metabolism of the germinant L-alanine and cakes place in 
the absence of general spore metabolism; it is driven by a 
series of exergonic hydrolytic reactions. The first irrevers- 
ible event in the pathway is the activation of GSLE; com- 
mitment thus represents the proteolysis of sufficient GSLE 
such that a spore will germinate within the time window 
defined for commitment. Once GSLE has been activated, 
the subsequent germination pathway is an inevitable 
process. Since GSLE is Hg 2+ -sensitive, it probably corre- 
sponds to the post-commitment Hg 2+ -sensitive site 
described above. It is not known whether there arc addi- 
tional steps between R** and GSLE*; for example a pro- 
teolytic cascade might be involved. 

Although this germination pathway has been extensively 
characterized in spores of B. megaterium KM, the question 
arises as to whether it is common to^ spores of other 
organisms. The general principle of germinant-mediated 
proteolytic activation of a peptidoglycan hydrolytic enzyme 
Co initiate the germination response is supported by a 



number of observations in spores of other organisms. These 
include the conserved structure of spore cortex pep- 
tidoglycan, the identification of pre- and posr-Hg 2+ - 
sensitive sites in other germination pathways 
(Venkatasubramanian and Johnstone 1989), the observed 
release of peptidoglycan fragments during germination and 
identification of a commitment reaction. There is, however, 
a growing body of evidence that the mechanism of cortex 
hydrolysis during germination of spores of other organisms 
differs from that observed in B. megaterium KM. An 
increase in cortex muramic acid <Mactam content was not 
found during germination of spores of B. subtilis 
(Venkatasubramanian and Johnstone 1989), B. fastidiosus 
(Saks et aL 1985), B. megaterium ATCC 12872 (Nakatani et 
a!. 1985) and Clostridium bifermentans (Bright and John- 
stone, unpublished). In the case of B. megaterium ATCC 
12872, an increase in cortical glucosaminol content was 
observed during germination, which suggests activation of a 
glucosamidase during triggering; in the other spores no 
change in the reducing termini of residual spore pep- 
tidoglycan was detected. It is therefore likely that cortex 
depolymerizarion occurs by endopeptidase or trans- 
peptidase activity in these organisms. 



7. CONCLUSIONS 

During the past decade the signal transduction pathways 
whereby micro-organisms detect and respond to environ- 
mental stimuli have been extensively studied and a number 
of response mechanisms have been identified (Parkinson 
1993). These include protein phosphorylation via conserved 
two-component sensors and regulators which induce 
changes in protein function at the '. -d of transcription 
(e.g. osmoregulation) or by directly influencing protein 
function (e.g. the chemotactic response). Alternatively, sub- 
stitution of sigma factors may alter patterns of gene expres- 
sion (e.g. during sporulation; Kaiser and Losick 1993). 
Although allosterically activated proteolytic cleavage is well 
established as a mechanism of intracellular signalling in 
bacteria (e.g. the Ion A activity in the SOS response; Litde 
and Mount 1982), a germination triggering mechanism 
based on atlosterically-induced proteolytic cleavage rep- 
resents a novel prokaryotic environmental sensing mecha- 
nism. 

There are several key questions which remain to be 
answered concerning the spore germination trigger reac- 
tion. These include identification of the location of the 
receptor in the spore and demonstration in vitro of 
germinant-dependent catalytic activity of the germinant 
receptor. In addition, in order to establish the validity of 
the model proposed above it will also be necessary to 
examine the effects on germination of mutations in the 
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GSLE structural gene. Experiments are currently in 
progress to these ends. 
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A variant strain that produced spores lacking exosporium was isolated from a culture of Bacillus megaterium 
QM-B155I. Two additional spore morphotypes were obtained from the parent and variant strains by chemical 
removal of the complex of coat and outer membrane. Among (he four morphotype spores, heat resistance did 
not correlate with total water content, wet density, refractive index, or dipicolinate or cation content, but did . 
correlate with the volume ratio of protoplast to protoplast plus cortex. The divestment of integument layers 
exterior to the cortex had little inlluence on heat resistance. Moreover, the divestment did not change the 
response of either the parent or the variant spores to various germination-initiating agents, except for making 
the spores susceptible to germination bV Jysozymv. The-primary permeability barrier to glucose for the intact 
parent and variant spores was found tab'ejhe outer membrane, whereas the barrier for the divested spores was 
the inner membrane. 




Investigation of the mechanisms by which bacterial spores 
achieve resistance and initiate germination has been com- 
plicated by the use of model types, of spores that possess 
■superfluous integument layers, such as spores of Bacillus 
ceretts T. Bacillus suhtilis 168. and Bacillus mcgntcrium 
QM-B1551. Consequently, it appeared desirahle to obtain 
structurally simplified dormant spores derived from a single, 
well-studied strain to serve as models for further investiga- 
tion. . 

In this paper, we report the isolation from //. niegaferinni 
QM-B1551 of a variant strain that produces spores devoid of 
the thick peripheral structure which we term exosporium. 
Both the parent and the variant spores were chemically 
divested of the coal and outer membrane, the variant spore 
thus becoming a cortex-encased protoplast. The four mo- 
rphotype spores, all dormant and heat resistant, were ex- 
amined for line structure by electron microscopy, studied for 
biophysical and biochemical correlates of heal resistance, 
tested wilh chemical agents that initiate germination, and 
used to distinguish the permeability roles of the outer and 
inner membranes. 

MATERIALS AND METHODS 

Organisms. B. megatrrium QM-B1551 (ATCC 12872) was 
obtained from James C. Vary. University of Illinois Medical 
Center, Chicago. From this parent strain, an apparently 
naturally occurring variant that produced spores lacking 
exosporium (EX* variant) was isolated by chance selection 
during serial transfer. The genetic basis was not studied. 
However, tests conducted at the American Type Culture 
Collection, Rockville. Md., indicated that the variant has 
identifying characteristics like those of authentic B.tnega- 
terium QM-B1551 (Robert L. Ghcrna. personal communi- 



* Corresponding author. 

* Publication no. 11050 of the Michigan Agricultural Experiment 
Station. 

+ Present address: Faculty of Pharmaceutical Sciences. Osaka 
University. Osaka. Japan. 



cation). The variant is available from the Collection under 
accession number 33729. 

Spore production. Dormant spores of the parent and 
variant B. mvgaterinm strains were produced essentially by 
the procedure of Shay and Vary (34). Vegetative cells grown 
overnight on Trypticase soy agar (BBL Microbiology Sys- 
tems. Cockeysville, Md.) were inoculated into 300 ml of 
supplemented nutrient broth (33) and incubated with. aera- 
tion by shaking for 7 h at 30°C. The culture was then, 
transferred inio 10 liters of the same medium in a fcrmcntor 
and incubated for 24 h at 30°C with constant stirring (400 
rpm) and aeration (11 liters of air per min). The resulting 
spores were harvested by centrifugation (5.000 x g for 5 
min) and washed by centrifugation about 15 times with cold, 
sterile, deionized water: each lime, the supernatant liquid 
was decanted and debris was removed fromuh'c surface of 
the pellet. The spores .were siored in water hi 4°C and 
washed twice daily by centrifugation. The four morphotype 
spores all remained viable, refraclile, and heat resistant 
when stored in this way.. 

Electron microscopy. Specimens were prepared, stained, 
sectioned, and examined by electron microscopy essentially 
as described previously (4). 

Volume fractions.. Estimates of the volume percentage of 
the spore occupied by the protoplast and the sporoplast 
(essentially, the protoplast plus cortex: actually, the pro- 
toplast plus primordial cell wall plus cortex plus coat under- 
layer) were obtained by calculation from measurements on 
electron micrographs, care being taken to select only lon- 
gitudinal center sections of spores, as described previously 
(3). 

Chemical treatment. Spores of. the pareni and ihe variant 
were both chemically treated to remove the complex of coat 
and outer membrane (C" OM~). essentially as described by 
Fitz-James (14) and Vary (39). Clean spores (10 g. wet 
weight) were suspended in a freshly made solution of 0.59/ 
sodium dodeeyl sulfate-0.1 M dithiothreiloMU M NaOH 
(pH 10). The suspension was shaken (150 rpm) for 2 h at 
37°C and the spores were harvested by centrifugation (5.000 
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.x # for 10 minJ.vThe resulting spores were then washed and 
stored as described above. 

Determination of heat resistance. Heat resistance of each of 
the four morphotype spores was determined at 70, 80, 90, 
and 100°C and expressccfas a D value, as described previ- 
ously (3). . * 

Water properties. Determinations of wet density and water 
content by direct gravimetric and volumetric measurements 
were made a* described previously (3), except for the initial 
centrifugation conditions. The parent spores, were cenlri- 
fuged for 30 min at 11,000 x and the variant spores were 
cenlrifuged for 30 min at 4,400 x 

Refractometry. Determinations of average apparent refrac- 
tive index were obtained by photometric immersion refrac- 
tometry as described previously (19). Changes in optical 
density (OD) were monitored by means of a double-beam 
spectrophotometer (Beckman Instruments, Inc.. Fullcrton, 
Calif.) operated at a wavelength of 700 nm with deionized 
water as a blank. \ 

Chemical analyses. Dipicolinic acid was determined by the 
method of Janssen ct al. (25). Hcxosamine was determined 
by the method of Cessi and Piliego (11) after hydrolysis of 
the spores in 3 N HCI for 4 h at 95°C. Mineral clement 
analyses <Ca : ' , Mg : ' , Mn : 1 , K 1 , Na ' ) were made by use of 
atomic absorption spectroscopy (27a). 

Initiation of germination. Initiation of germination was 
studied with various chemical agents and determined by 
measuring the decrease in OD, essentially as described by 
Vary (39). so as to be comparable. A concentrated suspen- 
sion of spores (OD, 6.0) was heat activated for 10 min at 
60°C chilled in an ice bath, and diluted with initiation 
medium contained in a cuvette to a final OD of 0.6. which 
was.within the proportionally range of the spectrophotome- 
ter. Final reagent concentrations were as follows; 5 mM Tris 
bulTer; 16 mM phosphate buffer: 10 mM each o-glucose, l- 
leuciric, L-prolinc, and KNO.i: 2 mM inosine: 200 [ig of 
lysozyme per ml. The decrease in OD was measured at 660 
nm, with readings taken initially and after 30 min of incu- 
bation at 30°C. The results were expressed as the percentage 
of decrease in OD and were confirmed b^observation of the 
loss in spore refraclility by use of a phase : conlrast micro- 
scope. An OD decrease of greater than AyA was associated 
wittrgrealer than 909; conversion to phase-dark spores, and 
* an OD decrease of less than 109? ^vas associated with less 
fthan \i)7r conversion to phase-dark' spores. The determina- 
tions were replicated two to four times, and average values 
were reported. 

Permeability. Permeability measurements were made with 
'H-lahclcd water and u C-labelcd n-glucose. with correction 
for the amount of interstitial water obtained from a similar 
measurement with dextran of high molecular weight (W n . 
2,000.000), as described previously (19). Equilibrium uptake 
of the labeled water and glucose was attained within 1 h and 
maintained for at least 24 h by all of the morphotype spores 
(data not shown). The suspension of spores and solution was 
routinely allowed to equilibrate for 2 h at 4°C. The native 
parent and the C" OM" parent spores were then cenlrifuged 
at 11,000 x x for 30 min, whereas the EX" variant and the 
EX" C OM~ variant spores were cenlrifuged at 4,400 x # 
for 30 min. In both cases, the supernatant solution was 
clarified by centrifugation al 33,000 x # for 30 min. Radio- 
activity was measured with samples of the supernatant 
solution appropriately diluted in aqueous scintillation fluid 
(New England Nuclear Corp., Boston. Mass.) and counted 
in a scintillation counter (Beckman Instruments). The results 
were expressed as the volume percentage of the spore 




FIG. 1. Stained sectioned parent spore of U. invjitiivrium QM- 
B1551 shown by transmission electron microscopy. This morpho- 
type spore contained all of the usual structural components: exospo- 
rium (EX), complex of coat and outer membrane tC-OM). complex 
of cortex and primordial cell wall (CX-PCW). inner membrane MM). 
DNA-containing nucleoplasm (NP), and ribosome-containing cy- 
toplasm (CP). The protoplast consists of the cytoplasm and nucleo- 
plasm enclosed by the inner membrane: the integument consists of 
everything outside of the protoplast. Bar. 200 nm. 



permeated by the labeled water or glucose on a wet-weight 
basis (R u : expressed as milliliters per 100 g of wet spore = 
grams per 100 g of wet spore) or on a wet- volume basis {R* : 
expressed as milliliters per 100 ml of wet spore). R" and R 1 ' 
were interconvertable by use of the appropriate wet-density 
value. The R u was equivalent to the water content on a wet- 
weight basis, which was directly comparable to that ob- 
tained by the gravimetric method. The R y for glucose was 
converted to a glucose-impermeable volume percentage (100 
- /tyiicoM.*) * or comparison with the physical volume percent- 
age calculated from the measurements made on electron 
micrographs. 

RESULTS 

Fine structure. The parent strain of H, mv^atcrimn QM- 
B1551 produced spores that contained all of the usual 
components in stained and sectioned fine structure (Fig. 1) 
and were consistent in appearance with prior electron micro- 
graphs of this strain (4, 17) and morphologically similar 
strains (2. 15). The outstanding feature was a thick, loose- 
fitting! peripheral structure with apical openings. This struc- 
ture often is termed outer coat but should be termed exospo- 
rium (see Discussion). The atypical exosporium of this spore 
lacked the thick, hairlike nap outside of the basal layer, 
which is present in the typical exosporium of spores of B. 
nicxnteriunt Mgl9 (4) and of B. ccrcits. B anthracix. and B. 
thminxiensis (18. 20. 21. 29). 

Electron microscopy of the unstained intact parent spore 
of B. mct>ateriitin QM-B1551 revealed that the exosporium 
in itself was electron translucent (Fig. 2 A). 

After treatmeni of the parent spore wilh alkaline sodium 
dodecyl sulfate and dithiothreitol to remove the complex of 
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Fig. 7, together with previous results for five other types of 
spores (3). An exponential increase in heat resistance cor- 
related with a decrease in the protoplast/protoplast-plus- % 
cortex ratio over^almost five decades.of Dun values for the 
seven types of spores. 

Concentrations of minerals and dipicolinic acid were de- 
termined in the native parent and EX " variant spores (Table - 
2). Specific mineralization is a major determinant of heat 
resistance in spores (27a). Dipicolinate occurs in high con- 
centrations, but its function remains uncertain. Both mor- 
photype spores contained about 0.5 p.mol of calcium per mg, 
and the ratio of calcium to dipicolinate was about ft'5. The 
magnesium content in the parent spore was higher than that 
in the variant spore, whereas the reverse was true for 
potassium. The two morphotype spores contained a total of 
1.12 and 1.15 p.eq of cations per mg (dry weight) of spores, 
respectively. Both morphotype spores contained similarly 
high amounts of dipicolinate (about 1 ^.mol/mg). equivalent 
to about WA of the spore dry weight. A correlation of these 
constituents with heat resistance was not evident. 
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PROTOPLAST VOLUME ; 

PROTOPLAST-PLUS-CORTEX VOLUME 

FIG. 7. Heat resistance of B. me^atcrium morphotype spores 
(•) and various other types of spores (O) (3) correlated by least- 
squares analysis with volume ratio of protoplast to protoplast plus 
cortex. The numbers correspond to the following types of spores: 1. 
B. stearoihermnphihts smooth: 2. IL sivarathvrmophihis rough: 3, 
B. subtitis niger: 4, B. circus T. high calcium; 5, IL circus T. low 
calcium; 6, B. mv^unrium native parent; 7. B. mc^ntcrium C" OM " 
parent; 8. B. mvRatvrium EX' variant: 9. B. mc^anrium EX C" 
OM"variant. 



TABLE 2.' Mineral and dipicolinic acid contents of morphotype 

spores 

Content (finu»l/niu of spore (dry wt|) 
in: 

Ion ■ 

Native r-;x 
parent variant 



K 0.1K 0.34 

Na 0.03 0.0X 

Ca 0.48 0.54 

Mg.., 0.41 ■ t 0.17 

Mn 0.01 0.02 

Dipicolinate" 0.91 1.01 



" In the EX C OM" variant, the dipicolinate content was 1.07 p.mol/mg 



of spore (dry weight). 

Dipicolinate content was also determined in the EX" C" 
OM" variant spore (1.07 p.mol/mg of spore (dry weight]). 
Because of the reduced dry-weight basis, this value was 
greater than that in the other two morphotype spores. Little 
dipicolinate was lost by chemical removal of the coal and 
outer membrane. 

Germination. The (bur morphotype spores were examined 
for their responses to various germination-initiating agents 
after heat activation. The responses were more pronounced 
in phosphate (Table 3) than in Tris buiVer (data not shown). . 
but the patterns were similar. The native parent spore 
responded to glucose, leucine, proline, and glucose plus 
KNQ 3 . as was expected (31. 3K). The EX" variant spore, 
like several naturally occurring spores that lack exosporium 
(31). did not respond to these agents, but unlike the similar 
natural morphotype spores (31), also did not respond lo 
alanine and inosine. This lack of response by the EX" 
variant spore was not changed by chemical removal of the 
coat and outer membrane or by the addition of exosporium 
isolated from the C" OM" parent spore. Both the EX" and 
EX~ C" OM" variant spores initiated germination (and grew 
out) in the complex of agents that arc present in supple- 
mented nutrient broth: however. 21 amino acids' together, 
alone, or in various combinations were found to be ineflcc- 
live (data not shown). Thus, the chemical germination 
requirements of the variant spore remain undefined. 

The four morphotype spores were also examined for their 
response to lysozyme (Table 3). which can initiate germi- 
nation only if it has access to the cortex. The enzyme then 
digests the cortex pcptidoglycan, releasing its physical con- 
tainment of the protoplast and causing the avalanche of 



TABLE 3. Response of morphotype spores to germination- 
initiating agents in phosphate buffer 

r A Decrease in OD after 30 min in: 

Agent Parent Variant 



Native C OM EX EX C OM 



None 


11 


4 


12 


5 


D-Glucose 


SS 


58 


5 


3 


L-Leucine 


46 


18 


4 


3 


L- Proline 


52. 


20 


' 4 


"» 


D-Glucose + KNO.x 


56 


68 


4 


-> 


D-Glucosc + u-leucine 


56 


68 


4 


3 


L-Alanine 


10 


6 


. 5 ' 


-> 


Inosine 


13 


5 


5 


5 


L'Alanine + inosine 


17 


13 


3 


4 


Spoliation nutrient broth 


55 


70 


33 


37 


Lysozyme 


3 


' 41 


18 


42 



events associated with germination. The native parem spore 
did not respond to lysozyme. as was expected; the C 9 OM 
parent spore did so, however, because lysozyme had access 
to the.cortex after penetrating the exosporium through apical 
openings. Likewise, the EX" variant spore did not respond 
to lysozyme. hut the EX~ C" OM' variant spore did so 
because lysozyme had direct access to the cortex. Conse- 
quently, it was evident. that the complex of coat and outer 
membrane functioned to prevent the penetration of lysozyme 
into the cortex of the intact parent and variant spores. In the 
complex, the peripheral layer of Ihe coat apparently func- 
tioned as the primary permeability barrier to lysozyme, on 
the basis of previous observations on macromolecular siev- 
ing by spores (22). 

Permeability. The morphotype spores were also used to 
distinguish the roles of the outer and inner membranes in 
spore permeability to a model small molecule. Equilibrium 
permeability measurements were made with 14 C-Iabeled d- 
glucose, on the basis of both wet-spore weight (tf;i„cose) 
and wet-spore volume (/^ Uiai%c ). iind similarly with H- 
labelcd water (Table 4). Glucose might be thought to be 
unsuitable because of possible degradation by metabolism or 
uptake as a germinating agent: dormant spores are mctabolr- 
cally inactive, however, and germination did not occur 
under the restrictive conditions used in the permeability 
measurements. Furthermore, N C-labclcd D-ribose and 3 H- 
labelcd 2-deoxy-D-glucose. neither of which initiates germi- 
nation or is metabolized after germination by another agent, 
gave the same results. 

In the native parent spore, glucose penetrated 439; ol the 
spore , volume (Table 4). an' observation consistent with 
penetration of the large amount of peripheral integument 
(exosporium and coat) on this morphotype (see Fig. 1). In 
the EX" variant spore, glucose penetrated only 11% of the 
spore volume, an observation consistent with penetration of 
the small amount of peripheral coat layer on this morpho- 
type (see Fig. 4). Thus it was the outer pericortex mem- 
brane, not the inner pericytoplasm membrane, that appar- 
ently functioned as the primary permeability barrier to 
glucose in these morphotype spores. 

Indeed, when the outer membrane and coat were chemi- 
cally divested from the parent and variant spores, glucose 
penetrated to a much greater extent of the spore volume 
(53% in the'C" OM" parent and 28% in the EX C OM" 
variant). In these morphotype spores, glucose apparently 
penetrated through the cortex to the inner membrane, which 
now served as the primary permeability barrier. 

An effort was made to quantify these comparisons of 
permeability function with spore structure. The respective 
fi"iuci.%e was converted to the glucose-impermeable percent- 
age volume (100 - fl^w) for comparison with the physical 
percentage volumes occupied by the protoplast and by the 
protoplast plus cortex as determined from electron micros- 
copy measurements. The glucose-impermeable volume cor- 
responded roughly with the physically measured volume of 



TABLE 4. Permenbiliiv" of morphotype spores to | ,J C|gli 
;ind I 'HIwalcr 





ir 








Morphoiypc sport: 


Glucose 


Water Glucose 


W;«ier 


Native parent 

C " OM parent 

Ex variant 

Ex C OM variant 


35 
44 

' 21 


58 
56 
36 
40 


43 ' 
53 
11 
2X" 


71 
67 
46 
51 


" Milliliters per 100 g </D or 100 ml ofwci ^pore^. 



the protoplast plus cortex in the native parent and EX" 
variant spores and with the volume of the protoplast in the 
C" OM" parent and EX" C~~ OM" variant spores (Table 5). 
The glucose-impermeable volume was only roughly compa- 
rable with the physically measured volume, partly because 
of the inaccuracy in calculating volumes from measurements 
on electron micrographs, but mainly because the y?J| lK .„s C 
reflects only the volume occupied by water within a com- 
partment, whereas the physically measured volume reflects 
the volume occupied by solids as well as water. CorVse- 
quenlly, the /?J| IICII%C underestimates and the glucose-im- 
permeable value overestimates the corresponding physically 
measured value. For example, with the EX" variant, the 
glucose-impermeable value, corrected so as to take into 
account the volume occupied by solids as well as water, was 
81%, which corresponded much better with the physically 
measured volume of 72% for the sporoplast than with that of 
38% for the protoplast. For the EX" C~ OM; variant, the 
corrected value was 56%, which corresponded much better 
with the physically measured volume of 60% for the pro- 
toplast than with that of 100% for the sporoplast. 

Altogether, the results indicate that the outer pericortex 
membrane functioned as the primary permeability barrier to 
glucose in the native parent and EX~ variant spores, whereas 
the inner pericytoplasm membrane functioned as the per- 
meability barrier to glucose in the C~ OM" parent and EX 
C" OM : variant spores. The latter situation also occurs in 
two lysozyme-susceptible strains of B. me^atvrium spores in . 
which the complex of coat and outer membrane is defective 
(T. C\ Beaman. T. Koshikawa, H. S. Pankratz, and P. 
Gerhard!.. FEMS Microbiol. Lett., in press). Furthermore, 
the results indicate that the exosporium in the parent spore 
and the coal peripheral to the outer membrane^ in the native 
parent or EX" variant spores did not function as a perme- 
ability barrier to glucose. 

The permeability measurements also provided an alterna- 
tive method to the gravimetric method for determining water 
content, in that the R w obtained with • H-labclcd water is 
equivalent to the total water content of the spore on a wet- 
weight basis (8: Beaman et al.. in press). The values of 58. 
56, 36, and 409P obtained by the permeability method (Table 
4) were essentially the same as the values of 50, 58, 32, and 
W/t obtained by the gravimetric method for total water 
contents of the four morphotype spores, respectively (Table 
1). The greatest discrepancy between the two methods (58% 
versus 50%) occurred with the native parent spore, which 
was encumbered with the greatest amount of integument 
layers (Fig. 1). 

DISCUSSION 

Heat resistance. The divestment of integument layers 
exterior to the cortex had relatively little . influence on heat 
resistance among the four morphotype spores. In compari- 
son with the D A7 value of the germinated spore, the extrapo- 
lated value of the dormant spore Was changed by only about 
0.001% by removal of the exosporium, .coat, and outer 
membrane (Table 1). Such a cortex-encased protoplast re- 
tains heat resistance also in coatless mutant spores (10) and 
divested spores (27) of Clostridium species. However, nei- 
ther others nor we have accomplished the isolation of free 
spore protoplasts devoid of cortex that retain dormancy iThd 
heat resistance, despite various efTorts: indeed, this may be ■ 
intrinsically impossible. % 

The relationship between heat resistance and water con- 



TABLH 5. Comparison of volume percentage of the entire spore 
occupied by ^iruetiiral compartments wiihin morphotype spores, 
determined from [ ,J C|glueose permeability and electron 
micrography measurements 



Morphotype spore 




of entire spore vol 




Glucose 
impermeable" 


Protophisi 
f cortex'' 


Protoplast'' 


Native parent 


57 


56 


28 


C OM parent 


47 


66 


34 


Ex variant 


89 


72 


. 38 . 


EX C OM variant 


72 


100 


60 



" 100 - K^c..,. 

h Calculated from measurements made on electron micrograph* of medially 
thin-sectioned spores. 



tent among the four morphotype spores (Table 1) was 
complicated by two factors that changed as integument 
layers were successively divested: (i) the weight basis of the 
water content changed from an entire spore to a cortex- 
encased protoplast, and (ii) the protoplast volume increased 
in itself anil as a percentage of the entire spore volume 
(Table 5). Furthermore, the native parent spore of this 
strain, paradoxically, had a low water content relative to its 
low heat resistance. Consequently/the values of heat resist- 
ance versus water content for the morphotype spores did not 
fit the correlation line for five other spore types (3). 

Apparently, only the resistance parameters that relied the 
spore protoplast and cortex are correlated with heat resist- 
ance. Thus, among the parameters studied, it was the 
volume ratio of protoplast to protoplast plus cortex that 
correlated with heat resistance among the four morphotype 
spores of/?, mv^atvrium (Fig. 7). These results were con- 
sistent with similar findings in a wide range of other spore 
species (1, 3, 24; J. E. Algie and L. S. Tisa, Spore Newsletl. 
7:20-21, 1981; A. D. Hitchens and R. A, Slepecky, Spore 
Newsletl. 7:103-104, 1981). 

The key parameter of spore resistance should be water 
content of the protoplast. We have now developed a method 
for determining protoplast water content by use of lysozymc- 
susceptible spores and shown that the protoplast water 
content in three such strains of B. me^atcrium spores is 
sufficiently low to account for their heal resistance (Beaman 
et al., in press). 

Germination. The response of the four morphotype spores 
to various germination-initiating agents provided heuristic 
but incomplete evidence about the role of integument layers 
in the germination process. Glucose, leucine, and proline 
might be thought to react primarily in some way with the 
exosporium, inasmuch as the EX" variant spore (Table 3) 
and naturally occurring EX" spores (31) did not respond to 
these agents; however, the addition of isolated exosporium 
did not evoke a response to these agents by the EX" variant 
spore. Involvement of the coat and outer membrane com- 
plex was also discounted, inasmuch as removal of the 
complex from the wild-type spore did not affect the re- 
sponse." Involvement of the inner membrane was also dis- 
counted,, inasmuch as glucose (and therefore the other small* 
germinant molecules) permeated as far as the inner mem- 
brane in the C~ OM~ parent spore but only as far as the 
outer membrane in the native parent spore (Table 4), yet 
both of these morphotype spores responded alike to the 
gcrminants. The germination-initiating response is depend- 
ent on heat activation, and possibly this might be thought to 
alter spore permeability. In IL cereus T spores, however, 
heat activation docs not alter permeability to germinating 



agents (alanine and adenosine) or a nongerminating agent 
(glucose) (7). 

Permeability. An outer pericortcx membrane apparently 
exists in addition to the inner pericytoplasm membrane in 
intact dormant spores. In sectioned B. me^atcrium spores of 
cither the native parent (Fig. 1) (4) or the EX" variant (Fig. 
4A). the outer membrane was identified as double-track dark 
lines complexed between coat layers. Sometimes the periph- 
eral coat layer was separated from the outer membrane so 
that the membrane could be belter distinguished (Fig. 4B). 
In the chemically divested spores, of course, the outer 
membrane and coat, of course, were no longer seen. Simi- 
larly, both structures arc seen to be defective or absent in 
lysozyme-susceptible mutant spores (10; Beaman, et al., in 
press). 

What we termed the outer membrane may correspond to 
what Aronson and Fitz-James (2) have termed a double- 
track or pitted coat layer in sectioned and freeze-etch 
preparations of /?. cereus and B. mvgaterhim spores. The 
ordered lattice appearance of the pitted layer surface is not 
like that usually seen in a bacterial membrane; however, the 
pitted layer in the dormant spore might be in a crystalline 
stale and resemble the ordered lattice occasionally seen in 
protoplast membranes (5). Alternatively, the outer mem- 
brane may be a different structure than the pitted layer, 
complexed in the coat, and not seen by frecze-ctching 
because it does not usually cause a" fracture plane in the 
dormant spore (35). Whatever the explanation, the morpho- 
logical evidence perhaps is less compelling than the bio- 
chemical and functional evidence for the existence of an 
outer membrane in the dormant spore. 

Biochemical evidence suggesting the existence of an outer 
membrane in the dormant spore of/?, mc^aterinm has been 
presented and discussed by Crafts-Lighty and Ellar (12), 
mainly the occurrence of cytochromes, electron transport 
enzymes and polypeptides in isolated outer integument. 

Functional evidence indicates that an outer membrane not 
only exists but is intact and serves as a permeability barrier 
in the dormant spore. Rode et al. (32) have shown that, in 
unfixed spores of B. mvjititeriitm* mcthacrylate solution 
permeates the coat but not beyond a sharply delineated 
boundary at the juncture ^tf the coat with the cortex; 
however, the spore treated with a membrane-disrupting 
fixative no longer possesses this permeability barrier. An- 
other line of evidence for the existence of an outer perme- 
ability barrier in the dormant spore has been, provided by 
Carslensen et al. (9), whose dielectric measurements indi- 
cate that the cortex is surrounded by a thin outer membrane 
which insulates against the passage of mobile ions in an 
electric field. The third and most significant line of evidence 
for a functioning outer membrane has been provided by 
permeability studies with three species, of spores in which 
the glucose-impermeable volume corresponds to the physi- 
cal volume ocupied by the sporoplast (essentially the pro-' 
toplast plus cortex) rather than by the protoplast alone (19). 
These findings were now confirmed by the permeability 
results with the native parent and EX" variant spores of IL 
meitnerium QM-B1551 (Table 5). 

Altogether, the evidence thus indicates the existence in 
the dormant spore of an intact outer membrane (or possibly 
a membrane-Iikc layer of the coat) functioning as a perme- 
ability barrier to small molecules. Only when the outer 
membrane is defective or removed does the inner membrane 
become the primary permeability barrier. 

Exosporium morphotypes of B. mcRaterium spores. The 
parent and variant spores of strain QM-B1551 used in this 
study are representative of similar morphotype spores with 
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and without exosporium thai occur naturally among B. 
meitnerium strains. Recognition of the two different mor- 
photype spores was made independently by two laboratories 
in 1959. Tomcsik and Baumann-Grace (37) used light micros- 
copy to detect an cxtrapcriphcnil structure (which they 
termed exosporium) in more than half of 36 strains, by use of 
negative staining and homologous spore antiserum. Fitz- 
Jamcs and Young (15) used electron microscopy to show 
that spores of two strains, but not two others, possess an 
extrapcripheral structure (which they termed outer coat) 
which is thick, loose fitting, and shaped like the hull of an 
English walnut. This morphological distinction, based on the 
presence or absence of an extrapcripheral structure, was 
confirmed by Rode (31 hand now by us (Fig. 1 and 2A versus 
Fig. 4 and 2B). Also. Gibson and Gordon, in Betsey's 
Manual (23). recognized two types of B. moratorium spores 
distinguished by fuchsin staining the periphery or not; Fitz- 
. James and Young (15) similarly . had distinguished the two 
types by crystal-violet staining. 

Subsequent investigation by Bcaman el al. (4) revealed a 
third morphotypc spore among the antiscrum-reacting spores 
studied by Tomcsik and Baumann-Grace (37): the spores of 
strain Mgl9 were shown by electron microscopy to contain 
a typical exosporium with a thick, hairlike nap, unlike the 
atypical exosporium of strain QM-B1551. Nadirova and 
Aleksandrushkina (30) also observed three different types of 
spore surfaces in 10 B. moratorium strains. 

Altogether, three morphotypes of spores thus can be 
distinguished among B. moratorium strains: one type (ex- 
emplified by strain Mgl9) contains a typical exosporium like 
that of B. ccreus. a second type (exemplified by strain QM- 
B1551) contains an atypical exosporium, and a third type 
(exemplified by strain Texas and our variant strain) does not 
contain either type of exosporium. 

Exosporium terminology. Evidence and historical prece- 
dence suggest that the extrapcripheral structure on spores of 
B. moratorium strain QM-B1551 and similar morphotypc 
strains should be termed exosporium rather than coat, hull, 
covering, or other nonspecific terms. Unlike coat, this 
atypical exosporium (as well as typical exosporium) is loose 
fitting, has apical openings, and is translucent when un- 
stained (Fig. 1 and 2A). Exosporium differs chemically from 
coal in not being solubilized by alkaline sodium docecyl 
sulfate and dithiothreitol (Fig. 3) (2, 26).. 1 N NaOH, or hot 
trichloroacetic acid (15). Furthermore, spores with exospo- 
rium are rich in phosphorus (15) and phospholipids (6), 
including diphosphatidylglycerol, which is the only phospho- 
lipid in exosporium isolated from B. coreus (28): in contrast, 
only homogeneous protein characterizes coat (2). Also, the 
outer peripheral, layer (exosporium) differs from the inner 
layer (coat) of B. moratorium and B. ccreus spores in the 
mineral matter remaining after microincineration (36). 

Historically, de Bary in 1885 (13) first described and 
Flugge in 1886 (16) first used the term exosporium for the 
extrapcripheral layer of bacterial spores, tomcsik and 
Baumann-Grace in 1959(37) kept the term exosporium for£. 
moratorium spores instead of inventing a new expression to 
avoid increasing the confusion in the nomenclature of the 
various spore layers. So now should we. 
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1. INTRODUCTION 

The formation of a bacterial endospore is a complex and 
sophisticatedly-rcgulated process of structural differentia- 
tion, responsible for the resistance and dormancy properties 
of the spore (Errington 1993). However, the success of this 
strategy for survival is dependent on the presence in the 
spore of an efficient mechanism for returning the organism 
to the vegetative state, allowing growth and multiplication 
when nutrients are available. 

Despite the spore being insensitive to environmental 
insult, it must be able to respond to particular external 
chemical stimuli by germinating, losing the spore structural 
properties that confer dormancy and resistance (Gould 
1969; Setlow 1981; Moir 1992). Germination, which may 
be defined as the loss of spore resistance properties, is fol- 
lowed by a period of outgrowth, when biosynthetic activity 
is resumed and an actively dividing rod-shaped cell is 
regenerated (Sedow 1984). 

There is a general assumption that the molecular events 
in germination, as in sporulation, will be similar in nature 
across the range of endos pore-formers. Certainly the gross 
morphological and biochemical changes and changes in 
spore structure at germination are common to all species, 
although the natures of the chemicals that are effective as 
germinants differ. Although the particularly thick coat and 
less synchronous germination response of spores of Bacillus 
subtilis 168 has meant that it is not the organism of choice 
for biochemical studies, it is the only spore former in which 
sophisticated genetic analysis is possible. 



Correspondence to: Or A. Moir, Krtbt Institute for Biomoleeular Research, 
Deportment of Molecular Biology and Biotechnology, University of Sheffield, 
PO Box 594, Sheffield S10 2UH, UK. 



2. HOW MIGHT GERMINANTS ACT? 

There is an extensive literature describing the response of 
spores of a variety of species to particular gcrminants 
(Gould 1969; Smoor and Pierson 1982; Moir 1992) and the 
structural and biochemical changes occurring during germi- 
nation (Levinson and Hyatt 1966; Gould and Dring 1972; 
Scon et al. 1978; Foster and Johnstone 1989; Venkatasub- 
ramanian and Johnstone 1989). We have as yet no precise 
molecular description of how a germinant molecule initiates 
the series of physical, chemical and morphological changes 
which result in the breakage of dormancy. In general, theo- 
ries have invoked either allosteric or metabolic roles for 
germinants (as in Halvorson et al. 1966 and Prasad ct al. 
1972). Sensitive experiments designed to detect any metab- 
olism in the germinating spore population suggested that 
commitment to germinate precedes any significant metabo- 
lism (Scott and Ellar 1978a,b). 

Germination is insensitive to inhibitors of RNA or 
protein synthesis, and thus involves proteins already 
present in the mature spore. It is presumed that the germi- 
nant interacts with a specific site in the spore, which wc 
may call a germination receptor; the assumption is that this 
generates some sort of allosteric alteration in the structure 
and properties of the receptor protein. If the receptor is 
located in a membrane, as discussed later, consequent 
changes in the membrane might alter its permeability 
properties, leading to a redistribution of ions and water in 
the spore and to activation of specific degradative processes 
(Keynan 1978). An alternative postulate is that the inter- 
action of germinant with receptor leads to the activation by 
specific proteolysis of a cortex lytic enzyme (Foster and 
Johnstone 1988). These models need not be mutually 
exclusive. Models of the germination process arc discussed 
at more length in a separate article (see Johnstone, this 
Symposium, pp. 17S-24S). 
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physiological studies, and the relative difficulty of studying 
biochemical events during the rapid and relatively asyn- 
chronous germination of a spore popuJation, suggested that 
a genetic approach might provide useful insights. 

The logic of the genetic approach is that a mutant unable 
to germinate in the normal manner contains a mutation in a 
gene whose product is required for germination (either 
directly or indirecdy). This approach defines a gene, and 
therefore a gene product, that is required (either directly or 
indirectly) for germination. The first steps, transfer of the 
mutation into an unrnutagenized background then classi- 
fication of the mutants and genetic mapping, have been 
invaluable in defining germination ger genes— and therefore 
the encoded Gcr proteins. 

Germination mutants were enriched in a population of 
spores by incubating them in a germinant, then challenging 
with heat or chloroform to kill any germinated spores. 
Because the population of wild-type spores germinates 
asynchronously, and may include some 'superdormant* 
spores, the procedure was repeated. Spores that had still 
not germinated, but that retained the ability to germinate 
under different conditions or after a longer lag, were recov- 
ered by plating on rich medium. Individual colonies were 
then .purified, the putative mutants allowed to sporulate 
and the germination behaviour of washed spore suspensions 
tested (Trowsdale and Smith 1975). A plate test for scoring 
the germination phenotype of a colony, measuring the 
resumption of respiratory metabolism by the reduction of a 
tctrazolium salt, served as a quick reporter of germination 
phenotype, invaluable for generic mapping and for the 
transfer of mutations between strains in genetic crosses. 



3.1 Germination mutants 

Spores of B. subtilis respond to at least two different types 
of germinative stimulus: they will germinate in alanine 
(ALA) or some analogues of this compound (valine or 
cycloleucinc, for example), or in a combination of aspara- 
gine, which is not a germinant on its own, along with 
glucose, fructose and a potassium salt (AGFK: Wax and 
Freese 1968). 

Varying the germinant included in the enrichment pro- 
cedure generated different types of conditionally defective 
mutants; these were classified by phenotype and by map 
location, defining a number of ger genes (Moir et al. 1979). 
Each group of mutants that mapped to a different location 
on the genetic map, and therefore represented a different 
gene from the others, was given a separate generic design- 
ation; they are discussed in more detail in Moir and Smith 
(1990), and are summarized in Figi 1. 

Like the spo loci, the gcr loci are scattered around the 
chromosome of B. subtilii, rather than being clustered in 
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Flfl. 1 A schematic representation of the mutational blocks in 
Bacillus subtilis spore germination mutants. DPA, dipicolinic acid 



one place. The classical generic approaches available could 
not distinguish whether a single locus contained a cluster of 
ger genes or only one: such an analysis had to await cloning 
of the gcr loci. 

Most of the mutants obtained were blocked before the 
loss of heat resistance (ger A, B, D y Fand K); of these, gerA 
mutants are defective in alaninc-stimulated germination 
(Sammons et al 1981) but germinate normally in AGFK, 
whereas gerB mutants (Moir et al. 1979) and gerK mutants 
(Irie et al. 1982) fail to germinate in the Utter mixture. *-ut 
germinate normally in alanine. As the genes are required 
for the germination response to particular gcrminants, the 
simplest interpretation would be that the gerA and the 
gerB/K genes encode different germination receptors in the 
spore, responding to different stimuli. The suggestion that 
gerA encoded a receptor for alanine was reinforced by the 
isolation of gerA38 and gerAH mutants, which have an 
increased concentration requirement for alanine and its 
analogues in ALA germination (Sammons et al. 1981). As 
some of the gerA mutations were responsible for 
, temperature-sensitive germination, we can be confident 
that the GerA proteins act during germination, and are not 
regulators of the expression of the germination apparatus. 

Two classes of mutant, those with gerD or gerF muta- 
tions, are affected in their response to germinants of both 
the ALA and AGFK type (Moir et al. 3979; Warburg et al 
1985; Irie et al 1986). They were slow to germinate in 
ALA, and did not germinate at all in AGFK. This suggests 
that each of the gene products has a role that is essential for 
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AGFK germination, and that although both genes 1 pro- 
ducts are involved in ALA germination, they are not essen- 
tia] for ir to take place, 

As these mutations are not germinant-specific, the gene 
products are not likely to be involved in germ i nam recogni- 
tion; they have therefore been tentatively placed a little 
later in the series of germination events in Fig. 1 ; perhaps 
they are involved in transducing the initial germination 
stimulus? 

Another group of mutants should never, logically, have 
been obtained by the enrichment procedures used; these 
are blocked at a later stage of germination, after the loss of 
heat resistance. The initial recognition of germinanr by the 
spore is therefore still intact in these mutants. All three 
groups of mutants (gerE, J and M) have spore structural 
defects; these are examples of germination genes where the 
gene product influences spore germination without being 
directly involved. These germinate part-way, losing heat 
resistance, and starting but not completing the process of 
cortex hydrolysis (Moir 1981; Warburg and Moir 1981; 
Sammons et ai. 1987). 

Although not strictly germination genes, these represent 
interesting genes with a role in spore formation. The GerE 
protein is a DNA-binding protein that regulates expression 
of a number of spore coat genes (Errington 1993); the gerE 
mutant may lack a protein required for late stages of germi- 
nation, either because its expression is dependent on GerE, 
or because the defective coats, which are permeable to 
lysozyme, allow the protein to leak from the spore. 

Less is known about the function of GerM and GerJ 
proteins, although both types of mutant are known to be 
defective in sporulation. The altered heat-resistance 
properties and the late synthesis of spore-specific penicillin 
binding proteins in ger J mutants (Warburg et ai. 1986), and 
the multiple abnormalities in septum formation, cell divi- 
sion and cortex structure of gerM mutants, suggest that 
these, too, may be regulators of spore morphogenesis. 

There are reports in the literature of metabolic mutants 
with defective germination, but these reports are of uncer- 
tain value. Unless the mutations are transferred into an 
unmutagenized background, it is always possible that the 
isolate carries two entirely separate mutations responsible 
for the two phenotypes. The genetic work reported in this 
section supports the hypothesis that metabolism of the ger- 
minant is not required. None of the mutants obtained are 
affected in metabolism. Germination mutants that lose the 
ability to germinate in alanine also lose the ability to germi- 
nate in non-metabolizable alanine analogues (Sammons et 
ai. 1981), suggesting that their defect does not concern even 
a minor or alternative metabolic route. Glucose dehydroge- 
nase null mutants germinate normally in germinant mix- 
tures containing glucose (Irie, personal communication); 
this enzyme is therefore not concerned with the triggering 



of the germination response. Currently, there is no proven 
case where a metabolic defect prevents spore germination. 

3.2 Germination genes 

Most of the get genes listed in Fig. 1 have been cloned and 
sequenced, defining at least some of the proteins involved 
in the germination response. The discussion that follows 
concentrates on the cloned genes whose products are 
required for loss of heat resistance in response to germi- 
nanr, i.e. gerA, gerB y gerD and gerK genes; the gerF gene 
has not yet been cloned. 

Because ger genes do not confer any selectable character- 
istic on a host cell, cloning strategies have often been indi- 
rect. Some genes have been cloned in phage A vectors. The 
gerA genes were obtained along with the adjacent citG 
gene, which was directly selectable in E. colt (Moir 1983). 
The gerB clone was obtained by chromosome walking from 
a nearby cloned locus (Corfe et ai 1994). The gerK gene 
was obtained by screening a large number of X clones for 
the ability of their DNA to transform a gerK mutant to 
g*r + (Irie, personal communication). 

An alternative general approach is based on Tn917 trans- 
poson technology (Youngman 1990); ger mutants are gener- 
ated by an interruption of the gene by transposon Tn917. 
Modified versions of this transposon allow recovery from 
the chromosome of a section of DNA that includes one end 
of the transposon and the adjacent part of the interrupted 
ger gene. Once part of the gene has been cloned, it is pos- 
sible to use this as a probe to screen a chromosomal gene 
library, and then recover the intact wild-type germination 
gene. This approach was used to clone the gerE) gene (Yon 
et ai. 1989). 

Once cloned, information on the gene organization and 
regulation of expression of ger genes can be obtained by 
combinations of molecular and classical genetic techniques. 
The amino acid sequence of Ger proteins can be predicted, 
and strategies can be designed to overexprcss the cloned 
gene products under the control of a foreign promoter. 

The gerA locus contains three genes (gerAA, AB and 
AC), arranged in an operon (Feavers et ai 1985; Zuberi et 
ai. 1985; Zuberi et ai. 1987). The collection of known gerA 
mutants included mutations in each gene, indicating that all 
the GerA protein products are required for ALA germi- 
nation. The gerA38 and A44 mutations that require higher 
concentrations of alanine for germination are both located 
in the middle gene, gerAB, suggesting that the Ger AB 
protein is likely to bind alanine (Zuberi et ai 1985). 

The regulation of expression of the gerA operon has been 
studied, by lac fusion analysis, promoter mapping and in 
vitro transcription (Feavers et ai 1990). As might have 
been predicted, the genes arc subject to developmental 
control; they are not expressed in vegetative growth, but 
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3. THE GENETIC APPROACH 

Biochemical approaches have not pin-pointed any specific 
protein that is yet proven to be necessary for germination. 
The plethora of models for germination derived from 
arc switched on during sporulation in the forespore com- 
partment, in response to the activity of the forespore- 
specific sigmaG-containing RNA polymerase. The level of 
expression of gerA genes appears to be very low, as judged 
by the very low level of expression of /?-galactosidase from 
fusions to the gerA promoter (300-fold lower than expres- 
sion from the ftimarase (citC) promoter, for example), sug- 
gesting that the spore contains only low quantities of the 
GerA proteins. 

The gerB locus contains three genes, gerB A, BB and 
BC y encoding three homologues of the GerA proteins, 
organized in the same order as the three genes of the gerA 
operon (Corfe et aL 1994; Fig 2). These too are dependent 
on the fores pore-specific sigmaG-containing RNA poly- 
merase for expression (Corfe and Moir, unpublished); the 
homology thus extends to their regulation. One difference 
is the level of expression : the gerB genes are expressed at 
an even lower level, about one-tenth of that of the gerA 
operon. 

The gerK locus is at an earlier stage of analysis, but is 
already known to encode at least a homoiogue of GcrBC 
and GerAC (Irie, personal communication; Fig. 2). 

The gerD locus, in contrast, contains a single gene; it is 
expressed at a higher level (about 15-fold higher than 
gerA\ but still under the control of sigmaG, in the fore- 
spore compartment of the sporularJng cell (Kemp et aL 
1991). 
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Fig. 2 GerA proteins and their homologues. Related proteins are 
aligned vertically. The percentage identity of amino acid residues 
with the corresponding GerA sequence is shown below the 
homoiogue 



All the germination-specific ger genes so far analysed in 
detail (gerA, B and D) are expressed only during spore for- 
mation. The genes are all expressed in the forespore, which 
goes on to form the cellular compartment of the mature 
spore. As described in more detail below, the proteins 
encoded are predicted to be either membrane-associated or 
have N-terminal signal sequences, suggesting that they are 
variously located in, or transported across, the forespore 
membrane. 

3.3 Germination proteins — their predicted properties 

The 480 amino acid Ger A A protein predicted from the 
DNA sequence would be organized in at least two, and 
probably three, distinct domains (Feavers et aL 1985; Fig. 
3). Of predicted molecular weight 53 506 Da, it possesses a 
large hydrophilic (and therefore potentially cytoplasmic) N- 
terminaJ domain, followed by a membrane-associated 
domain of around 200 amino acids composed of five hydro- 
phobic, potentially membrane-spanning helices, inter- 
spersed with charged regions. At the C terminus, there is 
another hydrophilic domain, of 50 amino acids — this is 
likely to be located on the opposite side of the membrane to 
the N-terminal one, if our prediction of five membrane- 
spanning helices (Fig. 3) is correct. The GerAB protein 
(41257 Da) has the hydrophobicity profile characteristic 
of an integral membrane protein, with ten likely 
membrane-spanning helices (Zuberi et aL 1987). The 
GerAC protein (42363 Da) is, in contrast, hydrophilic 
throughout, with the notable exception of a pre-lipoprotein 
signal sequence at the N-terminus (Fig. 3). The signal 
sequence suggests that this protein is transferred across the 
forespore membrane, and is predicted to be attached to the 
membrane via a cysrr r M: (Zuberi ft aL 1987). 

Comparisons of these proteins with protein sequence 
databases have not identified similarities with other types of 
protein, with the possible exception of the GerAB protein. 
Apart from GcrBB, of course, the proteins that score 
highest against GerAB in FASTA alignment searches are 
an Escherichia coli tryptophan transport protein, TnaB 
(Sarsero et ai. 1991), sharing 24% identity over 345 amino 
acids, a Pseudomonas arginine/ornithine transporter ArcD 
(Luthi et aL 1990). and Gram-positive tetracycline resist- 
ance proteins (Noguchi et ai 1986). There may be a distant 
evolutionary relationship between GerAB and the extended 
family of single component membrane transport proteins 
(Griffith et aL 1992). 

The importance of the GerA group of proteins to germi- 
nation has been underlined by the discovery that the 
GcrBA, BB and BC proteins are 42%, 31% and 35% iden- 
tical to their respective GerA homologues, suggesting that a 
basic mechanism has been conserved in receptors 
responding to different germinants, and that these receptors 
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200 300 400 
T6KKKTRSLTEPTTEKV (Cl 115-131 

MQ5PD0Y YERWISASL(C) 263-278 

GerAC 




-4 - 



100 
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(CJYPQKWKKISRKWDDD 334-348 

Fig. 3 The hydrophobicity profiles of GerAA and GerAC 
proteins. Also ;.i«!icau.-d are the synthetic peptides used for 
immunological studies. Peptides 119 and 117 were derived from 
hydrophilic sequences in GerAA, and peptide 130 from GerAC 

have evolved by gene duplication and subsequent diver- 
gence. Figure 4 shows the alignment between GerAA and 
GerBA primary sequences. Most striking is the higher local 
homology in the GerAA/BA proteins in the 200 amino acid 
hydrophobic domain— especially the hydrophobic region of 
residues 346-391, where 36 out of 46 residues are identical. 
This degree of conservation, in proteins that otherwise have 
diverged considerably, suggests that these helices have a 
crucial functional importance, rather than being merely 
membrane anchors. 

There are two more known members of this family ( Fig. 
2). The predicted GerK protein is a more distant homo- 
logue of GerAC and BC proteins (Irie, personal 
communicarion). In addition, the sixth protein encoded by 
the spoVA operon, SpoVAF, is a GerAA homologue, 
although there is no ALA or AGFK germination defect 
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Fig. 4 A comparison of GerAA and GerBA proteins. The GAP 
program of the UWGCG sequence analysis package was used to 
generate the alignment. Identical residues are indicated by a 
vertical bar. The five likely membrane-spanning regions have 
been underlined and indicated by Romm numerals 

associated with the inactivation of this gene (Kemp, 
unpublished). 

The GcrD protein (2 11 17 Da) is probably not receptor 
related, and has no homology with the other Ger proteins, 
or with any other protein in the database. It is hydrophilic, 
but does have an N-terminal signal sequence, suggesting 
that it is transferred from the forespore across the inner 
membrane of the spore. It could be anchored in the mem- 
brane or released into the peptidoglycan layer. 

4. BACK TO BIOCHEMISTRY: EVIDENCE 
FOR LOCALIZATION 

The proof of these sequence-derived predictions requires 
evidence that the genes do actally encode proteins of the 
expected size, and that these proteins arc present in spores. 
This has been demonstrated for the GerA proteins. The 
gerA genes were cloned behind a regulatable, highly- 
expressed, £. cod promoter and expressed in an in vitro 
transcription/translation system; the labelled products from 
individual ger genes were assigned by expressing versions 
of gerA deleted for individual genes (Kemp et al. 
submitted), and they correspond approximately to the sizes 
predicted from the DNA sequence. 

GerAA-derived and GerAC-derived synthetic peptides, 
chosen from the predicted amino acid sequence (Fig. 4), 
were conjugated to a carrier protein (ovalbumin) through 
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added cysteine residues. These anrisera were used to probe 
Western blots of SDS-PAGE separared proteins from spore 
fractions. They identified a protein band, of the same size 
as in vitro expressed GcrAA protein, in the spore mem- 
brane fraction (Fig. 5). This partem was obtained with 
both of the two available anri-pepride probes. In contrast, 
the GerAC protein was found predominandy in the integu- 
ment (coats and cortex) fraction (Kemp et al. submitted). 
The prediction had been that GerAC would be a lipopro- 
tein attached to the outer surface of the forespore mem- 
brane; either this association is temporary, or not stable to 
the isolation procedure. More work will be needed to 
confirm this localization in the integument, using more 
gentle spore breakage procedures. 

Interpretations have also to be qualified at the moment 
by the observation that there is some residual cross-reacting 
material of the same size as the GerA proteins in a GerA 
deletion strain: at the rime that the peptide antibodies were 
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Fig. 5 The detection of GerAA protein in spore membranes. 
Spores were broken by hornogenization with glass beads; the 
integument and membrane fractions were isolated in successive 
centrifugation steps. Proteins from each fraction were solubilized 
by boiling in SDS buffer and separated by SOS-PAGE. (100 jtg 
per lane). Lane 1, soluble fraction. Lane 2, membrane fraction. 
Lane 3, integument fraction. Lane 4, molecular weight standards 
(including ovalbumin). Antiserum raised against pepride 119 
(GerA A) coupled to ovalbumin was used to d erect cross- reacting 
proteins. A band of the size of GcrAA was detected, primarily in 
the membrane fraction 



raised, the authors were not aware of the GerA homo- 
logues. Deletion strains are being used to clarify the situ- 
ation. 

The GerAB protein has not been studied in this way, but 
as a membrane protein synthesized in the forespore, it is 
unlikely that its location could be anywhere other than in 
the membrane bounding this compartment, i.e. the inner 
spore membrane, in the same location as GerAA. Whether 
the proteins are present in association is not known. 

A fusion of part of the GerD protein to glutathione S- 
transferase has been overex pressed, affinity purified, and 
the GerD moiety cleaved from the fusion protein and used 
to raise polyclonal antisera in rabbits ; the GerD protein is 
detected at the predicted size, in the integument fraction of 
the spore, and is absent in a gerD null mutant (Robinson, 
unpublished). 

This work represents the first physical demonstration of 
germination proteins in the spore. Models of the mecha- 
nism of germination must take these data into account. 

5. CONCLUSIONS 

Bacillus subtilis contains genes that have evolved signifi- 
cantly from each other and that form families of proteins 
serving as the germination apparatus in the spore for differ- 
ent genninants. These are spore-specific proteins, that are 
not present in vegetative cells; there is no suggestion that 
they have a metabolic role in the spore. 

We can now confirm that proteins that were predicted to 
form a germinant receptor in the spore are found in the 
integument layers (GerAC) and inner spore membrane 
(GerAA and AB). These proteins arc the first recognized 
members of a wider family, and conserved sequences 
between different members *>f the ! !>• of homologues 
may point to particular regions of functional importance. It 
is not yet known whether their functions encompass func- 
tions other than spore germination — one member, 
SpoVAF, is not required for either of the known germi- 
nation systems in B. subtilis. 

The spore germination receptor and associated proteins 
represent a new class of sensory transducer, whose precise 
mode of action is unknown. It is not clear how individual 
germinants and groups of germinants act on particular 
receptors to initiate germination, or how the local inter- 
action is transduced throughout the spore. Returning to the 
models of germination discussed earlier, it is possible that 
some of the Ger proteins are concerned with initiating ion 
fluxes: the membrane-associated proteins GerAA/BA and 
GerAB/BB are obvious candidates. Other proteins may be 
concerned with transducing the signal to the spore — could 
GerAC or GerD protein, for example, be a cortex Ivrfc 
enzyme, or an activator of such hydrolyric activity? What 
would be responsible for their activation during germi- 
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nation? We now have a detailed molecular description of 
some of the components of the germination apparatus, but 
we do not yet have direct proof of the interaction with the 
jerminant, nor do we know what happens when the germi- 
nant interacts with this receptor. 

Although some progress has been made in identifying 
parts of the germination apparatus, it would be nauve to 
think that genetic analysis alone will be sufficient to gener- 
ate a complete molecular explanation of the process. For 
example, procedures to isolate germination mutants would 
not allow detection of mutations in any gene whose protein 
product is a member of a functionally equivalent family, so 
that one of several proteins could substitute for the defec- 
tive one. We are now entering a phase of research in which 
genetic and biochemical approaches and information need 
to be integrated \ any generalizations drawn from a study of 
germination receptor proteins in B. subtilis need also to be 
tested in other bacilli. It would not be possible to adopt 
such a rigorous genetic analysis in other bacilli, but neither 
would it be necessary, as the tools for detecting homologous 
Ger proteins have been developed through the study of B. 
subtilis, and reverse genetics could be applied to test the 
relevance to germination of any cloned genes. 
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Spores of Bacillus subtilis with a mutation in spoVF cannot synthesize dipicolinic acid (DPA) and are too 
unstable to be purified and studied in detail. However, the spores of a strain lacking the three major germinant 
receptors (termed Ager3), as well as spoVF, can be isolated, although they spontaneously germinate much more 
readily than Ager3 spores. The Ager3 spoVF spores lack DPA and have higher levels of core water than Ager3 
spores, although sporulation with DPA restores close to normal levels of DPA and core water to Ager3 spoVF 
spores. The DPA-less spores have normal cortical and coat layers, as observed with an electron microscope, but 
their core region appears to be more hydrated than that of spores with DPA. The &ger3 spoVF spores also 
contain minimal levels of the processed active form (termed P 41 ) of the germination protease, GPR, a finding 
consistent with the known requirement for DPA and dehydration for GPR autoprocessing. However, any P 41 
formed in Ager3 spoVF spores may be at least transiently active on one of this protease's small acid-soluble 
spore protein (SASP) substrates, SASP-7. Analysis of the resistance of wild-type, bger3, and Ager3 spoVF 
spores to various agents led to the following conclusions: (i) DPA and core water content play no role in spore 
resistance to dry heat, dessication, or glutaraldehyde; (ii) an elevated core water content is associated with 
decreased spore resistance to wet heat, hydrogen peroxide, formaldehyde, and the iodine-based disinfectant 
Betadine; (iii) the absence of DPA increases spore resistance to UV radiation; and (iv) wild-type spores are 
more resistant than bger3 spores to Betadine and glutaraldehyde. These results are discussed in view of 
current models of spore resistance and spore germination. 



Spores of Bacillus and Clostridium species normally contain 
>10% of their dry weight as pyridine-2,6-dicarboxylic acid 
(dipicolinic acid [DPA]) (21, 22, 39). This compound is syn- 
thesized late in sporulation in the mother cell compartment of 
the sporulating cell but accumulates only in the developing 
forespore (6, 36). The great majority of the spore's DPA is in 
the spore core, where it is most likely chelated with divalent 
cations, predominantly Ca 2 ^, although there are also signifi- 
cant amounts of Mg 2 * and Mn 2+ , with smaller amounts of 
other divalent cations (21, 22, 37, 39). In the first minutes of 
spore germination the DPA is excreted, along with the associ- 
ated divalent cations (36, 37). 

Since DPA is found only in dormant spores of Bacillus and 
Clostridium species and since these spores differ in a number of 
properties from vegetative cells, in particular in their dormancy 
and heat resistance, it is not surprising that DPA and divalent 
cations have been suggested to be involved in some of the 
spore's unique properties. There is some evidence in support 
of this suggestion, since mutants whose spores do not accumu- 
late DPA have been isolated in several Bacillus species, and 
often these DPA-less spores are heat sensitive (1, 4, 25, 42, 43). 
Unfortunately, for some of these latter mutants the specific 
genetic lesion(s) giving rise to the DPA-less spore phenotype is 
not known. DPA is synthesized from an intermediate in the 
lysine pathway, and the enzyme that catalyzes DPA synthesis is 
termed DPA synthetase (6). In B. subtilis this enzyme is en- 
coded by the two cistrons of the spoVF operon, which is ex- 
pressed only in the mother cell compartment of the sporulating 
cell, the site of DPA synthesis. Mutants of B. subtilis likely to be 
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in or known to be in spoVF result in lack of DPA synthesis 
during sporulation, and the spores produced never attain the 
wet heat resistance of wild-type spores (1, 4, 6, 25). Unfortu- 
nately, it has been impossible to isolate and purify free spores 
from these spoVF mutants of B. subtilis, since the spores are 
extremely unstable and germinate and lyse during purification 
(B. Setlow and P. Setlow, unpublished results). This observa- 
tion suggests that, at least in B. subtilis, DPA is needed in some 
fashion to maintain spore dormancy (7, 15), although the spe- 
cific mechanism whereby this is achieved is not clear. 

In addition to its possible roles in spore dormancy and re- 
sistance, DPA complexed with a divalent cation, usually Ca 2+ , 
is an effective germinant of spores of almost all Bacillus and 
Clostridium species (15). These and other data have led to the 
suggestion that DPA may activate, possibly allosterically, some 
enzyme involved in spore germination (15). To date, this spore 
enzyme involved in spore germination has not been identified. 
However, DPA does allosterically modulate the activity of the 
germination protease (GPR) that initiates the degradation of 
the spore's depot of small, acid-soluble spore proteins (SASPs) 
during spore germination (14, 32). GPR is synthesized as an 
inactive zymogen (termed P 46 ) during sporulation, and P 46 
autoprocesses to a smaller active form (termed P 41 ) approxi- 
mately 2 h later in sporulation. This conversion of P 46 to P 41 is 
stimulated allosterically by DPA, and only the physiological 
DPA isomer is effective (14, 32). The activation of this zymo- 
gen is also stimulated by the acidification and dehydration of 
the spore core, and together these conditions ensure that P 41 is 
generated only late in sporulation, when the conditions in the 
spore core preclude enzyme action (14, 32). As a result, GPR's 
SASP substrates, which are synthesized in parallel with P 46 , are 
stable in the developing and dormant spore. This is important 
for spore survival, as some major SASP (the ct/p-type) are 
essential for the protection of spore DNA from a variety of 
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FIG. 3. Levels of SASP-a, -0, and -v in spores. SASPs were extracted from 
purified spores of various strains, dialyzed, and lyophilized; aliquots were sub- 
jected to PAGE at low pH, and the gels were stained as described in Materials 
and Methods. The samples run on the various lanes (and the dry weight of the 
spores in the samples run) were as follows: lane 1, bger3 spores (1 mg); lane 2, 
£%er3 spoVF {0.6 mg); and lane 3, ±ger3 spo VF spores prepared with DPA (1 mg). 



prepared with DPA did contain a significant level of SASP-7, 
although this level was a bit lower than in &ger3 spores (Fig. 3, 
lanes 1 and 3). 

Since the spores analyzed for SASP levels as described 
above remained for ~2 weeks at 12°C during preparation, it 
was of obvious interest to determine if developing spores of the 
&ger3 spoVF strain had never contained SASP-7 or had accu- 
mulated and then degraded this protein and, if the latter was 
the case, when the protein was degraded. Consequently, we 
analyzed SASP levels in sporulating cells during incubation at 
37°C or subsequent incubation at 12°C (Fig. 4). Levels of 
SASP-a and -p were relatively constant once these proteins 
had accumulated in developing bger3 spoVF spores, and 
SASP-7 was also present at high levels shortly after completion 
of SASP synthesis (Fig. 4, lane 1). However, levels of SASP-7 
then began to decrease, and ~-9 h later levels of this protein 
had fallen significantly and possibly fell even more after the 
culture had been harvested, washed with cold water, and incu- 
bated at 12°C. These data indicate that relatively normal levels 
of SASP-7 are accumulated by developing &ger3 spoVF spores 
but that the SASP-7 then disappears, presumably by degrada- 
tion as sporulation and spore incubation proceeds. 

Resistance of Ager3 and Ager3 spoVF spores. The normal 
levels of SASP-a and -0 in bger3 spoVF spores suggested that 
the protection of spore DNA from damage by these proteins 
should be normal in &ger3spoVT spores, and thus some aspects 




FIG. 4. Levels of SASP-a, and --y in sporulating cultures. Samples (10 ml) 
of strain FB108 (Ageri spoVF) sporulating in liquid 2XSG medium at 37°C were 
harvested, frozen, and lyophilized. After 36 h of growth, the remaining culture 
was harvested, washed severaJ times with cold water, and resuspended in cold 
water. Again, aliquots equal to 10 ml of original culture were harvested, frozen, 
and lyophilized. Dry samples were disrupted; SASP was extracted; extracts were 
dialyzed, lyophilized, and redissolved: equal aliquots were subjected to PAGE at 
low pH, and the gel stained as described in Materials and Methods. The times (/) 
(in hours) in sporulation that the samples run in the various lanes were harvested 
were as follows: lane 1, t A \ lane 2, r 6 ; lane 3. hs> lane 4, / , 3 5 ; lane 5, / :H ; and lane 
6, / lh0 . Note that the last sample was incubated at 12°C for - 145 h. The migration 
positions of SASP-a, -0, and -7 are given on the left of the figure. 



of spore resistance should be normal in these spores (39, 40). 
Indeed, previous work has shown that the spores formed by a 
B. subtilis strain with a mutation that is probably in spoW are 
fully resistant to some chemical agents, including octanol and 
chloroform (1). However, these same spores were sensitive to 
a number of other chemicals and were also sensitive to wet 
heat (1). Given the known relationships between spore resis- 
tance and spore core hydration and mineral levels (31, 20, 40), 
it was of obvious interest to test the resistance of AgerJ and 
Ager3 spoVF spores to a variety of agents. As seen previously 
and as expected based on the elevated level of core water in 
dger3 spores (1, 11, 28), the AgerJ jpoKF spores were much less 
resistant to wet heat than were AgerJ spores, while the latter 
spores had identical wet heat resistance to wild-type spores 
(Fig. 5 A and data not shown). Spores of the >iger3 spo VF strain 
prepared with DPA exhibited an intermediate level of wet heat 
resistance (Fig. 5A). Although the &ger3 spoVF spores were 
significantly more sensitive to wet heat than were the wild-type 
spores, they were much more resistant than germinated spores 
or growing cells (<0.01% survival after 5 min at 70°C; data not 
shown). In contrast to the differences observed in the wet heat 
resistance of &ger3 spoVF and Ager3 spores, both of these 
spores exhibited identical resistance to dry heat and were fully 
resistant to dessication (Table 2 and data not shown). The 
resistance of these spores to dry heat and dessication was 
identical to that of wild- type spores (data not shown) and much 
greater than that of growing cells (9, 35). 

Analysts of resistance to hydrogen peroxide and formalde- 
hyde gave results which were qualitatively similar to those with 
wet heat. The AgerJ and wild-type spores exhibited identical 
resistance to formaldehyde and hydrogen peroxide (data not 
shown), while &ger3 spoVF spores were more sensitive and 
&ger3 spoVF spores prepared with DPA had intermediate lev* 
els of resistance (Fig. 5B and C). The UV resistance of &ger3 
spores was also identical to that of wild-type spores (data not 
shown), but Ager3 spoVF spores were more UV resistant than 
were Kger3 spores, while Ager3 spoVF spores prepared with 
DPA had an intermediate level of resistance (Fig. 5D). 

In contrast to wet heat, dry heat, UV, hydrogen peroxide, 
and formaldehyde, which had essentially identical efficiencies 
of killing of wild-type and &ger3 spores, Ager3 spores were 
significantly more sensitive to both the iodine-based disinfec- 
tant Betadine and to glutaraldehyde than were the wild-type 
spores (Fig. 6). The bger3 spoVF spores exhibited decreased 
resistance to Betadine compared to that of bger3 spores, with 
Ager3 spoVF spores prepared with DPA exhibiting intermedi- 
ate resistance (Fig. 6A). However, Ageri and bger3 spoVF 
spores (with or without DPA) had identical resistance to glu- 
taraldehyde (Fig. 6B). 

DISCUSSION 

Although DPA was discovered in spores of Bacillus species 
over 40 years ago, its specific function in spores has remained 
somewhat obscure. Correlations have been noted between 
spore wet heat resistance and DPA content (11, 22), but there 
are a number of observations indicating that DPA need not be 
essential for spore heat resistance. Thus, DPA plus associated 
divalent cations can be removed from the mature spores of 
several species by appropriate treatments, yielding spores with 
<\% of untreated spore DPA levels; these DPA-less spores 
retain a high level of wet heat resistance which is often similar 
to that of untreated spores (2, 11). Strikingly, these DPA-less 
spores of Bacillus stearothermophilus appeared to have more 
highly hydrated core regions than untreated spores yet still 
retained high wet heat resistance. The reasons for the wet heat 
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FIG. 5. Resistance of spores with or without DPA to heat (A), hydrogen peroxide (B), formaldehyde (C), or UV radiation (D). Spores were either heated at 85 D C 
{O and A) or 70°C (A) (A), incubated with 0.7 M hydrogen peroxide at room temperature (B), incubated with 03 M formaldehyde at room temperature (C), or UV 
irradiated at 150 J/m 2 - min (D), and the survival was measured as described in Materials and Methods. Symbols: O, &ger3 spores; A, &ger3 spoVF spores; A, Ager3 spoVF 
spores prepared with DPA All experiments were repeated at least twice with essentially identical results. 



resistance of these DPA-less and relatively demineralized 
spores are not clear, but these data indicate that DPA is not 
necessarily essential for spore wet heat resistance. However, it 
is possible that DPA accumulation during sporulation is re- 
quired for the attainment of some state that is essential for full 
spore wet heat resistance. In support of this possibility, several 
studies, including the current one, have found that in B. subtilis 
the loss of the ability to synthesize DPA results in the produc- 
tion of wet heat-sensitive spores which exhibit increased core 
dehydration (1, 4, 6, 8). However, it is not clear if this effect is 
due only to a change in spore core hydration or also to the 
reduction in core mineralization which accompanies the loss of 
DPA from spores (12). Since spore core mineralization also 
plays a role in wet heat resistance (11, 20), it is certainly 



TABLE 2. Spore resistance to dry heat and dessication* 







% Survival 




Treatment 


FB72 


FB108 
(Ageri spoVF) 

sporulated 
without DPA 


FB108 
(AgerJ spoVF) 
sporulated 
with DPA 


Dessication* 


96 


92 


98 


Dry heat (120°C) for 30 min 


26 


23 


24 



a Spores were produced and analyzed for dessication and dry-heat resistance 
as described in Materials and Methods. 

b Spores were freeze-dried once, and the viability was measured after rehy- 
dration. 



possible that changes in both core hydration and mineral levels 
contribute to the loss of wet heat resistance of DPA-less 
spores. 

Strains of Bacillus cereus and Bacillus megaterium with un- 
characterized mutations that abolish DPA accumulation in 
spores also produce heat-sensitive spores, and in at least one 
case these spores appeared to have increased core hydration 
(42, 43). While the existence of these latter mutants would 
seem to support a role for DPA in spore heat resistance, there 
are several reports (11, 12) that the heat-sensitive DPA-less 
spores of B. cereus can be further mutated to give a strain that 
produces DPA-less but heat-resistant spores. Unfortunately, 
the genes responsible for these phenotypes are not known, and 
the heat-resistant phenotype of the DPA-less spores was ex- 
tremely unstable (12). There is also an. old report that heat- 
resistant DPA-less spores of B. subtilis had been isolated (42); 
unfortunately, there are almost no details available about this 
strain and the mutations which gave rise to this phenotype. 
Since addition of only very small amounts of DPA to spoVF 
cultures can result in production of at least some heat-resistant 
spores (1), possibly the mutants producing DPA-less, heat- 
resistant spores are actually oligosporogenous, and the heat- 
resistant spores arise from the acquisition of sufficient DPA by 
a fraction of spores, either through synthesis in the surround- 
ing mother cell or from the culture medium (8). If only a 
fraction of the spore population in a culture acquired only a 
small amount of DPA, then analysis might well not detect 
significant DPA in the population as a whole. 
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FIG. 6. Betadine and glutaraldchyde resistance of spores with or without DPA. Spores were incubated either with 85% Betadine at 37°C (A) or with 1.8% 
glutaraldehyde (□ and •) or 0.5% gtu tar aldehyde (O, and ▲) at room temperature (B), and the survival was measured as described in Materials and Methods. 
Symbols: PS533 (wild-type) spores; O and bgeri spores; £, Ager3 spoVF spores; A, t>%er3 spoVF spores prepared with DPA All experiments were repeated at 
least twice with essentially identical results. 



The precise role of DPA in spores is still not clear; however, 
in B. subtilis specifically blocking DPA synthesis results in 
DPA-less spores with significantly less wet heat resistance than 
wild-type spores. The lack of DPA in these B. subtilis spores is 
accompanied by increased core hydration, and there are abun- 
dant data that this increase in core hydration should reduce 
spore wet heat resistance (11, 27) and, as shown here, it does. 
However, the DPA-less spores of B. subtilis are still signifi- 
cantly more wet heat resistant (and less hydra ted) than are 
growing cells or germinated spores of this organism (26, 27, 
40). 

In addition to a role for DPA in spore wet heat resistance, 
two other roles have been proposed. One is to stabilize the 
dormant spore such that it does not germinate spontaneously 
(7, 16, 40). This appears to be the case for the B. subtilis spores 
studied in this work, since the &ger3 spoVF spores germinate 
spontaneously much more readily than the AgerJ spores. Un- 
fortunately, it is not clear at present either what is involved in 
"spontaneous" spore germination or how spore DPA could 
suppress this event. Surprisingly, it has also been reported that 
some DPA-less spores of B. cereus, B. megaterium, and B. 
subtilis germinate extremely poorly (12, 42). However, the mu- 
tation or mutations giving rise, to the DPA-less spores of these 
strains are not known, and it is certainly possible . that, in 
addition to a mutation blocking DPA synthesis or uptake, 
these strains have an additional mutation(s) suppressing spore 
germination, thus allowing the DPA-less spores of these strains 
to be isolated. 

A second specific role for DPA is in allosterically stimulating 
the processing of GPR from P 4A to P 41 such that this processing 
only takes place very late in spore core maturation, when the 
core dehydrates; this dehydration also stimulates conversion of 
P 46 to P 4i (14, 32). The coupling of DPA accumulation and 
core dehydration with generation of active GPR ensures that 
minimal if any SASP degradation takes place in sporulation, 
maximizing the levels of these proteins, in particular the a/p- 
type SASPs which are essential for full spore DNA resistance 
and long-term spore survival (15, 40). This role of DPA and 
core dehydration in regulation of P 46 processing is certainly 
consistent with the results presented here, since very little P 46 
is processed to P 41 in spores of the &ger3spoVF strain, and this 
processing is largely restored if these spores are prepared with 
DPA. 



One result which seems to be at odds with the significantly 
reduced P 4l generated in Ager3 spoVF spores is the degrada- 
tion of the SASP-7 that is accumulated midway in sporulation. 
Previous work has shown that SASP are normally not degraded 
during sporulation (38), although this will take place, primarily 
with SASP-7, if P 41 is activated too early or in too high 
amounts or under conditions of too little core dehydration (12, 
27, 32). Although very little P 41 appears to be present in bger3 
spoVF spores, there could easily be ~5% of wild- type spore 
levels, and this would be more than enough to catalyze signif- 
icant SASP-7 breakdown until sufficient core dehydration pre- 
cludes further enzyme action. Alternatively, the degradation of 
SASP-7 in AgerSspoVF spores might be catalyzed by proteases 
other than GPR, which slowly act on SASP-7 m *h e more 
hydrated core of these spores. One other possibility that de- 
serves mention is that SASP-7 degradation may actually con- 
tinue in the mature dormant spore. It is thought that enzyme 
action in the spore core is precluded by the low level of water 
in this region of the spore (39). However, the increased hydra- 
tion of the &ger3 spoVF spore core may allow some low level of 
enzyme action. The fact that SASP-7 levels fall only somewhat 
slowly upon extended incubation of sporulating cells is sugges- 
tive of this possibility, but further detailed work on this and 
other enzyme-substrate pairs (39) in the core of DPA-less 
spores is needed. 

As noted above, the increased hydration and the decreased 
mineralization of the core of AgerJ spoVF spores is consistent 
with their decreased resistance to wet heat (11). The decreased 
resistance of AgerJ spoVF spores to formaldehyde was also 
expected, since this agent kills spores by causing DNA damage 
in the spore core (17), and the rate of accumulation of this 
damage would be expected to be more rapid in a more hy- 
drated spore core. Similarly, there are previous data indicating 
that within a species increasing core hydration is correlated 
with decreasing spore resistance to hydrogen peroxide (28), 
and this is consistent with the decreased hydrogen peroxide 
resistance of &ger3 spoVF spores. However, the precise target 
for hydrogen peroxide in spores is not known. It is also possible 
that the decreased mineralization of DPA-less spores plays 
some role in their decreased resistance to formaldehyde and 
hydrogen peroxide, but there are no data available on this 
point. 

The normal resistance of Ager3 spoVF spores to dry heat and 
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dessication was also not unexpected, since these resistance 
properties are independent of core water content in B. subtilis 
spores and depend largely on the presence of a/|3-type SASP 
(9, 35), and levels of these DNA protective proteins are normal 
in Ager3 spoVF spores. The presence of normal levels of a/0- 
type SASP in bger3 spoVF spores also explains the UV resis- 
tance of these spores, since a/p-type SASPs are the major 
determinant of spore UV resistance (38, 40). The specific level 
of core dehydration plays very little if any role in spore resis- 
tance to UV radiation at 254 nm as shown previously (28), 
while DPA actually decreases spore UV resistance by acting as 
a photosensitizer (33); this latter point explains the increased 
UV resistance of &ger3spoVF spores compared to that of Age/\3 
spores. 

All of the agents discussed above had identical efficiencies in 
killing wild-type and Ager3 spores. In contrast, glutaraldehyde 
and the iodine-based disinfectant, Betadine, were much more 
effective in killing &ger3 spores than wild-type spores. Both of 
these agents have been shown to kill spores in part by damag- 
ing the spore germination apparatus (3, 30, 41). The increased 
sensitivity of the bger3 spores to these agents may thus be due 
to the fact that CaDPA- triggered spore germination requires 
at least one protein which is in the spore's exterior layers (24) 
and thus is extremely sensitive to exogenous chemical agents 
(3, 24, 41). In contrast, wild-type spores appear to have at least 
one other pathway for triggering spore germination that does 
not require this sensitive protein (24). In support of this rea- 
soning, the presence of DPA and various levels of core dehy- 
dration had no effect on spore resistance to glutaraldehyde, 
which is thought to block a very early step in spore germina- 
tion. However, spore Betadine resistance was increased by 
DPA and increased core dehydration, suggesting that Betadine 
may also kill spores by inactivating some more interior protein(s). 

While the analysis of the properties of the Ager3 spoVF 
spores has given us some insight into the role of DPA and core 
hydration in various aspects of spore resistance and biochem- 
istry, the isolation of moderately stable spores of the &ger3 
spoVF strain of B. subtilis also may prove useful in opening up 
other avenues of research. For example, DPA-less heat-sensi- 
tive spores of B. cereiis have been used as a parent to isolate 
DPA-less heat-resistant spores (12). However, because of the 
relative paucity of genetics and techniques for genetic manip- 
ulation in B. cereus, the nature of the second mutation or 
mutations restoring heat resistance to these spores is not 
known. However, given the ease of genetic manipulation with 
B. subtilis, if the Ager3 spoVF strain can generate DPA-less but 
now heat-resistant spores, the analysis of the mutation giving 
this new phenotype should be straightforward and may give us 
much new insight into the mechanism of spore resistance to 
wet heat. This work is currently in progress. 
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The calmodulin antagonist trifluoperazine and its analog chlorpromazine, both amphipaths, induced 
chemical germination of spores of various species, as do many surfactants. Cation load can greatly influence 
this response. Calmodulin antagonism does not seem to be involved A new fluorometric assay for dipicolinic 
acid based on the fluorescence of the dipicolinic acid chelate of Tb 3+ was found to be simple and sensitive. 



cm ied and Environmental Microbiology, Apr. 1990, p. 1185-1187 
Obx^ M ^ 9 P 9 1 ; :2 40/90/041185-03$02.00/0 

Copyright © 1990, American Society for Microbiology 

lb, m I 

- -j 

:robiot : 

Use* ; 
tm from 

zytnatit 
cUed u >' 

n. 1971 v 
ice 

VerdaT 

arpetrtarf',, 
onmenC^* 

SpCCiflC : 

studiei; 

ty occur* 

12:31-" 
nitri 

licrobiOfr 
shingtoo^ 

Betlacfc, 

j produc- 
SoilSd, 

erMok* 

. An im- 
V-labckd 

Couplim 
a marine 

89. Rap* 
.on. Mar. 



Vol. 56, No. 4 



A possible role for a Ca-binding protein in the germination 
of bacterial spores has been suggested by a variety of studies 
(6, 7, 16, 17, 23, 26). Recent discoveries of calmodulinlike 
proteins in spornlating Bacillus subtilis (9) and in spores of 
Bacillus cereus (33) have stimulated interest in this concept 
and have led to investigations on the effects of calmodulin 
antagonists such as trifluoperazine (TFP; Y. T. Shyu and 
P. M. Foegeding, Abstr. Annu. Meet. Am. Soc. Microbiol. 
1989, 1-8, p. 218) that show inhibitory effects of TFP on 
germination (11, 20). This report shows that TFP can induce 
chemical germination (21, 22) (a term suggested to describe 
germination events induced by many surfactants) because of 
its amphipathic (detergentlike) properties (2, 32) rather than 
because of possible effects on a calmodulinlike protein and 
that the exchangeable cation load of the spores can greatly 
influence such germination. 

Spores of B. megaterium ATCC 10778 were found to be 
quite susceptible to TFP-induced germination (in the ab- 
sence of any physiological germinants), and the large spores 
facilitated quantitative microscopy (Fig. 1). The chemical 
ger .ination induced by TFP is distinguishable (12, 21) from 
physiological germination in that (i) it is lethal (viability 
drops in parallel with other germination events), (ii) darken- 
ing of spores usually proceeds only to the phase grey (5, 24, 
30) stage (note the relatively small shift in A goo), and (iii) it 
can occur at 70°C (data not shown). Similar results were 
obtained with spores of B. subtilis 168 (19), B. coagulans 
1491 (19), and Clostridium cylindrosporum HC-1 (29). Chlor- 
promazine, an analog of TFP, showed similar effects with 
spores of B. megaterium 10778, Chlorpromazine is also 
knc vn for potent amphipathic properties (10, 14, 18, 32) and 
has oeen reported to inhibit physiological germination and 
prevent complete darkening (11). A number of Ca channel 
blockers were tested and found inactive; W-7, capable of 
■ reacting with Ca-binding proteins, showed only marginal 
| activity. Presumably the changes seen in Fig. 1 result from 
4 the amphipathic nature of the TFP, not from its ability to 
j Kact with Ca-binding proteins. Since germination appears to 
I be checked at a late stage, as evidenced by the incomplete 
: refractility changes and loss of viability, there does not 
Appear to be a conflict with prior results" (11; Shyu and 
: F o eding, Abstr. Annu. Meet. Am. Soc. Microbiol., 1989) 
demonstrating the inhibitory effects of TFP and chiorproma- 
*ine on normal germination in the presence of germinants. 
{When spores of B. megaterium were titrated at pH 4 with 
;HC1 (26) to remove exchangeable cations and "reloaded" 
j with various selected cations (1, 23, 26), Ca-loaded spores 



(Ca-spores) were found to be quite resistant to TFP-induced 
germination but NH 4 -spores were more susceptible than the 
native spores or Na- spores (Fig. 2). Dodecylamine, unique 
among surfactants (12, 13, 22) in its high activity and its 
ability to mimic true germination, was tested with Ca- and 
NH 4 -spores of B. megaterium, and the Ca-spores were 
markedly less susceptible to germination. Native spores of 
Bacillus macerans B-171 (25, 28) were quite refractory to 
TFP and dodecylamine, but NH 4 -spores germinated to a 
considerable extent. However, it was necessary to titrate 
these spores at pH 3.2 to achieve adequate cation exchange, 
and reloading conditions were also altered (1 M, 18 h, 37°C) 
for maximum effectiveness when reloading with NH 4 + (4). 
The only previous report suggesting an influence of cation 
load on surfactant-induced germination showed that en- 
dotrophically formed Sr- and Ba-spores were less suscepti- 
ble to dodecylamine-induced germination than Ca-spores 
(8), but since the results paralleled the physiological germi- 
nation of these spores, little note was taken of them. The 
work reported here suggests that exchangeable cation load 
may greatly influence susceptibility to chemical germination. 
Germination induced by dodecylamine appeared to be qual- 
itatively similar to germination induced by TFP or chlorpro- 
mazine. In all the experiments reported above, dipicolinic 
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FIG. 1. Germination of spores of B. megaterium ATCC 10778 
(prepared as explained in references 26 and 27) by TFP (100 p.M) in 
50 mM KMOPS, pH 7.5. Symbols: A, spore refractility, i.e., 
percent nonrefractile spores (phase grey [>90%] or dark spores) by 
phase microscopy; A, percent DPA released (see text); O, viability 
of unheated spores as CFU on plate count agar (Difco); □, A^. The 
experiment was performed at 37°C. 
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FIG. 2. TFP-induced germination (after 140 min at 37°C) of 
spores of B. megaterium ATCC 10778 reloaded with various cat- 
ions. Solid bars, percent phase grey spores plus dark spores; 
hatched bars, percent total DPA released (methods were as ex- 
plained in the legend to Fig. 1). 



acid (DPA) was determined by a new test based on the 
formation of a highly fluorescent chelate of Tb 3+ with DPA, 
with characteristic excitation and emission peaks (3). The 
test is performed by adding up to 2.0 ml of the sample to 1 ml 
of sodium citrate (1.0 M, pH 5.5) and 1 ml of TbCl 3 (1 mM), 
and emission is measured at 545 nm after excitation at 280 
nm; a Turner model 430 spectrofluorometer was employed 
throughout. Standard curves were linear from 0 to 10 u-g/ml 
in the presence of 50 mM KMOPS (potassium-morpholine- 
propanesulfonic acid), the buffer used for these tests, and 
amounts of <1 ixg/ml were readily detected (31); the addition 
of TFP resulted in a slight change of slope and intercept, but 
the curve remained linear, so it was readily interpreted. This 
test is an inverted version of the assay used to determine 
Tb 3+ by chelation with DPA (3); citrate was substituted for 
the acetate buffer to minimize interference by certain cations 
(3). Citrate invariably resulted in solutions with greater 
fluorescence (34). Inosine interferes, possibly because of 
strong absorbance at the excitation wavelength. This test is 
simple to perform and is considerably more sensitive than 
the commonly used Fe 2+ colorimetric test (15), readily 
detecting DPA released in germination experiment's designed 
for absorbance monitoring. 

I thank Jeffrey Kojiro Lum, Anna Liza Armedilla, and Ali Ansar 
for skillful technical assistance. I thank James Zahnley and Benny 
Knuckles for use of their fluorometers and for advice. I also thank 
Anthony Costella for assistance in early testing of the Tb 3+ analysis 
of DPA. 
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Proteolytic Processing of the Protease Which Initiates 
Degradation of Small, Acid-Soluble Proteins during 
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> j . Kioo^o nrntMiKidurinfiEermination ofBffl«7/i«su6ft7is spores is initiated by 
Degradation of small acid-so "Jle spore^rotejn sdu ™ e ™ rf ^ BacU[us megaterium or 

a sequence-spec.no protease GPR. J**JSJt GPRta synthesized at about the third hour of sporulation 
B. subtilis GPR expressed in B. subti » *owed ftat CT ™ ^.wT-smMer species 2 to 3 h later, at or slightly 
in a precursor form and .S , processed to an a PP™XlhVfor«Pore This was found with both normal levels of 
before the time of accumulation of d«P>cohu.c ac.d by f^™^™ ^ either protein was overexpressed 
expression of B. subtilis and*. ' M »^^^^^ Y ^T t l&spom, -IV, and -V mutants tested 
up to 100-fold. The sporulat"^ dipicolinic acid, 

(none of which accumulated d 'P' c0 »' n,c ^^ initially synthesized in sporulation 

The amino-terminal sequences of the f ' "^^^Jea^Ss. However, the processed form generated in 
were identical to those predated from the cod ng JJ^™" ™ na , The amino acid seauen ce 

sporulation lacked U - v ^omo"go U s to the consensus sequence recognized and 

surrounding this proteolytic cleavage s.te was i very « Thi observation , p i us the efficient 

protease which acts during spore germination. 



Approximately 10 to 20% of the protein of spores of 
Bacillus species is degraded to amino acids in the tost 
minutes of spore germination (21). The proteins degraded in 
this process are a group of small, acid-soluble spore proteins 
(SAS?) and SASP degradation is initiated by a sequence- 
specific protease termed GPR (10, 18, 21); the gene coding 
for GPR (termed gpr) has been cloned and sequenced from 
both Bacillus megaterium and Bacillus subtilis (27). Expres- 
sion of gpr begins only in the developing forespore m the 
third hour of sporulation at or slightly before the time of 
synthesis of its SASP substrates (11, 27). Studies of GPR 
from B megaterium (11) have shown that it is a tetramer of 
identical subunits which are first synthesized as an apparent 
46-kDa polypeptide (termed P 46 ), which is converted to an 
apparent 41-kDa species (termed P 4l ) -2 h later in sporula- 
tion. During the first minutes of spore germination P 41 is 
converted to an apparent 40-kDa species (termed P 40 ); r 4? is 
then slowly degraded to completion in an energy-requiring 
process as spore germination and outgrowth proceed. The 
processing of P 46 to P 41 appears to be an important step in 
the regulation of GPR activity, because the tetramenc en- 
zyme composed of P 46 is inactive both in vivo and m vitro 
(7). In contrast, the P 41 form of the enzyme is active in vitro 
but not in vivo (7). The significance of the P 41 to F 40 
conversion is not clear. At present, the exact processing 
steps involved in conversion of P 46 to P 40 are not known. 
However, purified P 40 from B. megaterium lacks 16 amino- 
terminal residues predicted from the coding gene's sequence 
(27) This plus other data (11) strongly suggest that the 
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conversion of P 46 to P 40 requires at least one amino-ternunaLj 
proteolytic cleavage. , j 

The processing of P 46 to P 41 takes place at a time in; 
sporulation when the developing spore is becoming dormant 
and heat resistant (11, 27). This finding, plus the suggestion! 
that the regulation of the P 46 to P 41 conversion may be a 
mechanism for regulating GPR activity, makes understand- 
ing this conversion of interest, in particular with regard to 
the identification and understanding of the regulation of the 
processing enzyme(s). In addition, while we now have some 
knowledge of GPR processing during sporulation, this infor- 
mation is available only with B. megaterium (11); clearly 
comparable information in B. subtilis would be valuable. 
Consequently, in this report we present studies of GPR 
processing in B. subtilis, including the processing of both B. 
megaterium and B. subtilis GPR expressed at normal or high 
levels, as well as the spo gene dependence of this processing 
and the location of the processing sites in the GPR sequence. 

MATERIALS AND METHODS 

Bacteria and plasmids. The bacteria and plasmids used in 
this work are listed in Table 1. The B. megaterium gpr gene 
was excised from plasmid pPS740 by cleavage with Hindi 
and Hindlll, releasing a 1.6-kb fragment .containing the 
coding sequence and promoter (27). The ends of this frag- 
ment were filled in with the large fragment of Escherichia 
coli DNA polymerase 1 and ligated with the 7.8-kb fragment 
from plasmid pPS1393 (a hybrid plasmid between plasmids 
pUC19 and pUBB which has a B. subtilis replication origin 
P91) which had been cut with Hpal and from which the 
CU3-kb fragment had been removed. The resulting ligation 
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Bacteria or plasmid 

£. coli 
RR101 

v subtilis 
PS69 
PS356 
PS604 

PS683 (M0428) 

PS832 

PS1029 

PS1208 

PS1586 

PS1675 

PS1676 

PS1677 

PS1732 

PS1762 

PS1763 

PS 1850 

PS1853 

Plasmid 
pPS740 
pPS1542 
pPS1393 
pPS1669 

pPS1671 

pPS1673 

ptrpBGl 
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TABLE 1. Bacteria and plasmids used ^ 



Genotype or phenorype 



spoVA89 trpC2 
LsspA hsspB trpC2 Cm r 
spoIIIC94 trpC2 
spoIIIGM trpC2 
trp* revertant of strain 168 
gpr: :pJF751 Cm r gpr 
spoIIACl trpC2 
spoIVB105 

rpoB2 spoVDJ56 trpC2 
spoVE85 trpC2 
metC3 spoIVG25 tall 
spoVF224 trpC2 
spoVIA513 
gerE36 leu-2 

spoIVA::Tn917 H194 MLS r 
spoIVF bABwcat Cm r 

B. megaterium gpr in pUC12, Amp r 
B. subtilis gpr in pUC12, Amp r 

Hybrid plasmid between pUBB and pUC19 Amp Km con tainin E 
pUBB with 0.13-Kb Hpal fragment replaced with 1.6-kb fragment containing 

pin^^?Um^ replaced with 1.4-kb fragment containing 

p^^JMHindSn fragment replaced with 1.6-kb fragment containing 

B. megaterium gpr, Amp r Cm r 
Amp r Cm r 



Source or reference 
Lab stock 



BGSC 
15 

BGSC 
P. StragieT 
Lab stock 
18 

J. Ellington 
R. Losick 
BGSC 
BGSC 
BGSC 
P. Piggot 
BGSC 
BGSC 
R. Losick 
R. Losick 



26, 27 

26 

29 

This work 
This work 
This work 
22 



° BGSC, Bacillus Genetic Stock Center. 



mix was cut with BamHI to remove plasmid pUC19, reh- 
eated, and used to transform B. subtilis PS832 to kanamycin 
distance; one clone carrying a plasmid giving 2 2- and 4-kb 
lagments upon digestion with Xbal was identified. In this 
plalmid (pPS1669), the B. megaterium gpr gene retains its 
own promoter and is just downstream of the strong ;, sporu- 
lation-specific promoter of the sspB gene (14 16, 29). ine 
1.6-kb fragment carrying the gpr gene described above in 
which the HmdIII end had been filled in was hgated with the 
6.3-kb fragment from plasmid ptrpBGl (22) (which lacks a B_ 
subtilis replication origin), which had also been digested^ with 
ffindm and the ends of which had been filled m with the 
large fragment of E. coli DNA polymerase I. The ligation 
ix was used to transform E. coli RR101 to amp^Um 
resistance, and one clone carrying a plasmid IP"* 1 ^) 
which gave 4.6- and 7.6-kb fragments on digestion with Pstl 
and^bal was identified. Plasmid pPS1673 contains the 5. 
megaterium gpr gene with its own promoter, flanked by 
front and back sections of amyE. After linearization of this 
plasmid with Pstl, use of the DNA to transform B. subtilis to 
a chloramphenicol-resistant, amylase-negative phenotype 
' resulted in integration of the B. megaterium gpr gene plus its 
promoter at the amyE locus (22). Southern blot analysis of 
representative transformants confirmed the expected mte- 
.tion (data not shown). 

The B. subtilis gpr gene was excised from plasmia 
PPS1542 by cleavage with BamHl. This digestion releases a 
1.4-kb fragment containing the gpr coding sequence but 
lacking the gene's own promoter (26, 27). After the ends of 
the latter fragment were filled in with the large fragment of £. 



coli DNA polymerase I, it was ligated with the 7.8-kb Hpal 
fragment of plasmid pPS1393; the ligation mix was cut with 
Bamm to remove plasmid pUC19, religated, and used to 
transforms, subtilis 168 to kanamycin resistance. One clone 
was found to contain a plasmid which released 0.8- and 
5 5-kb fragments on digestion with Styl. This plasmid was 
termed pPS1671 and carries the B. subtilis gpr gene under 
control of the strong, sporulation-specific promoter of the 

sspB gene. . . 

Growth, sporulation, spore germination, and DNA isola- 
tion B subtilis strains were grown and sporulated at 37°C m 
2x SG medium (6) with appropriate antibiotics (chloram- 
phenicol, 3 ug/ml; kanamycin, 10 p-g/ml). The approximate 
time of initiation of sporulation in these cultures was deter- 
mined as described previously (17). Spores were purified as 
described previously (15), and all spores used in this work 
were free (> 98%) of sporulating cells, germinated spores, 
and cell debris. Spore germination followed a heat shock 
(70°C; 30 min) of spores (-5 mg [dry weight]/ml) in water 
After cooling in ice, spores were germinated at en optical 
density at 600 nm of 1.0 at 37°C in 2x YT medium plus 4 mM 
L-alanine (9, 18). Chromosomal and plasmid DNA was 
isolated from B. subtilis strains as described previously (15, 
17) B subtilis strains were made competent and trans- 
formed, and transformants were selected as described pre- 

^alytfcalprocedures. For analysis of GPR during sporu- 
lation or germination, samples of culture (10 to 20 m from 
sporulating cells; 25 to 100 ml from germinating spores) were 
chilled by addition of ice and harvested by centnfugation (10 
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min; 10,000 x g); the pellet was washed with 10 to 20 ml of 
0.15 M NaCl, frozen, and lyophilized. The dry pellet was 
disrupted in a dental amalgamator (Wig-L-Bug) with glucose 
crystals as the abrasive (11); eight 1-min periods of shaking 
sufficed to break even dormant spores. The dry powder was 
extracted with 0.8 ml of cold 50 mM Tris-HCl (pH 7.4)-3 mM 
EDTA-0.1 mM phenylmethylsulfonyl fluoride-20% glycerol 
for -1 h and centrifuged in a Microfuge, and the supernatant 
fluid was stored frozen. Aliquots (2 to 30 of the superna- 
tant fluid were boiled with sodium dodecyl sulfate (SDS)- 
polyacrylamide gel sample buffer and run on SDS-10% 
polyacrylamide gel electrophoresis, and the proteins were 
transferred to nitrocellulose paper (11, 18). These papers 
were then treated as described previously, with rabbit an- 
ti-B. megaterium GPR as the primary antibody and alkaline 
phosphatase-conjugated goat anti-rabbit immunoglobulin G 
as the second antibody (7, 11). The preparation of the anti-B. 
megaterium P^ serum was described previously (10); prep- 
aration of anti-P 46 serum is described below. The anti-P 46 
serum had a 10- to 50-fold-higher titer against B. subtilis GPR 
on Western blots (immunoblots) than did the anti-P 40 serum. 
Consequently, the anti-P 46 serum was routinely used for 
analysis of B. subtilis GPR expressed at normal levels in B. 
subtilis and in some experiments monitoring normal levels of 
expression of B. megaterium GPR. The secondary antibody 
on the paper was detected either colorimetrically (18, 27) or 
via chemiluminescence with the substrate Lumi-Phos 530 
(Boehringer Mannheim). The colorimetric method was used 
for detection of B. megaterium GPR; the chemiluminescence 
method was routinely used for detection of B. subtilis GPR, 
as we found this method more sensitive than the colorimetric 
method. ' 

In some experiments, the proteins separated by SDi>- 
polyacrylamide gel electrophoresis of extracts from 2 to 5 mg 
of spores overexpressing B. megaterium or B. subtilis GPR 
were transferred to polyvinylidinedifiuoride paper (Immo- 
bilon; Millipore Corp.) and stained lightly with Coomassie 
blue, and GPR bands were cut out and sequenced in an 
automated gas phase sequenator as described previously 
(25). 

Aliquots (1 to 2 ml) of sporulating cells were extracted and 
assayed for glucose dehydrogenase and dipicolinic acid 
(DPA) as described previously (14, 16). SASP were ex- 
tracted from spores and quantitated as described previously 

(16). , ; 

Purification of B. megaterium P 46 and preparation of anti- 
P 46 antisera. B. megaterium P 46 was obtained from £. coli 
PS740 which carries the gpr gene on plasmid pUC12 under 
control of the plasmid's lacZ promoter (27); this strain 
makes 5 to 10% of its soluble protein as P 46 (26). One liter of 
this strain was grown overnight at 37°C in 2x YT medium (9) 
plus ampicillin (50 p.g/ml) to an optical density at 600 nm of 
-7.0. The cells were harvested by centrifugation (10 min; 
10,000 x g\ suspended in 300" ml of 25 mM Tris-HCl (pH 
7.4)-5 mM CaCl 2 (buffer A), disrupted with iysozyme, and 
centrifuged for 45 min at 50,000 xgto remove unbroken 
cells, cell debris, and most chromosomal DNA. The super- 
natant fluid was treated with streptomycin sulfate to remove 
nucleic acids (10), and protein precipitating between 0 and 
60% saturation of ammonium sulfate was isolated, dissolved 
in 20 ml of buffer A, and dialyzed against two 1-liter changes 
of buffer A containing 20% glycerol. After adjusting the 
solution to 0.1 M NaCl, the extract was run on a DEAE- 
Sephadex column as described previously fori?, megaterium 
P 40 purification (10), and the P 46 -containing fractions were 
detected by SDS-polyacrylamide gel electrophoresis. The 



pooled material was further purified by chromatography on 
DEAE-cellulose as described previously (10). Combination 
of the peak fractions eluting from the latter column gave -75 
mg of P 46 that was >98% pure when run on SDS-polyacryl- 
amide gel electrophoresis. 

Purified P 46 was used to make antisera in rabbits, using a 
regimen similar to that described previously (10) but with 
three to five times as much protein per rabbit. The antiserum 
was prepared by East Acres Biologicals, Longmeadow, 
Mass. 

RESULTS 

GPR processing during sporulation. Previous work has 
indicated that GPR synthesis from the gpr gene's own 
promoter begins during sporulation slightly before synthesis 
of glucose dehydrogenase and well before synthesis of DPA 
(11, 27). Analysis of B. megaterium GPR synthesis driven by 
the'gpr promoter from a single-copy gene in B. subtilis- was 
consistent with these results, as GPR levels >50% of maxi- 
mum were obtained when the level of glucose dehydroge- 
nase was only 32% of maximum (Fig. 1A, lane 2). Similar 
results were obtained when expression of the chromosomal 
copy of B. subtilis gpr was measured (Fig. IB, lane 1; and 
data not shown). Note that while the initially synthesized B. 
megaterium GPR (termed P 46 ) ran as an apparent 46-kDa 
species, the initially synthesized B, subtilis GPR (also; 
termed P 46 ) migrated as an apparent 40-kDa species as noted 
previously (Fig. 1A,B) (18). Two to three hours after the 
initial appearance of GPR, the protein was converted to a 
smaller form (termed P 41 ), the apparent sizes being 41 kDa 
for B. megaterium GPR and 38 kDa for B. subtilis GPR (Fig. 
1A and B) (18). For GPR of both species, the time of this 
initial processing step was well after accumulation of glucose 
dehydrogenase and at or slightly before the accumulation of 
DPA by the developing forespore (Fig. 1A and B). For both 
GPRs, a significant amount of the P 46 (20 to 40%) was not 
processed to P 41 (Fig. 1A and B, lanes 5); samples taken as 
long as 24 h after the start of sporulation or from cleaned 
dormant spores gave distributions of P 46 and P 41 similar to 
those found 12 h into sporulation (t 12 ) (data not shown). 
Previous work showed that significant amounts of P 46 (-25% 
of the amount synthesized) are also not processed to P 4 
during sporulation of B. megaterium (11). 

When GPR synthesis from a gene on a multicopy plasmid 
was driven by the strong sspB promoter, GPR synthesis , 
appeared to be slightly later in sporulation (relative to ; 
glucose dehydrogenase synthesis) than when expression was 
driven by the gpr gene's own promoter (Fig. 2A, and B; cf. 
Fig. 1). This was not surprising, because the sspB gene is 
normally transcribed -30 min after gpr (27). Despite synthe- 
sis of up to 100-fold more GPR from the sspB promoter than 
from the gpr promoter (see below), the initial processing to 
P 41 again took place at or slightly before the time of DPA 
accumulation by the forespore. As was found when cells 
expressing normal levels of GPR were analyzed, a significant 
amount (30 to 50%) of the overexpressed GPR was not 
processed to P 41 during sporulation (Fig. 2A and B; and see 
below). While forms of B. megaterium GPR other than P 4 i 
and P 46 were seen during sporulation in this experiment (Fig- 
2A), these did not appear in the mature spore. Possibly these 
other forms were generated in ceils in which sporulation was 
aberrant and were detected because of the huge amount of 
GPR produced. 

Analysis of spores overexpressing B. megaterium GP* 
indicated that P 46 and P 41 were the major protein bands 
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gdh 0 26 100 71 30 7 

dpa: 0 0 15 62 100-73 



B 



2 3 4 5 




gdh: 22 100 88 22 2 

dpa: 0 20 73 95 100 



FIG. 1. Analysis of (A) B. megaterium and (B) B. subtilis GPR 
expressed from a single -copy gene. Strain PS832 (A) with plasmid 
pPS1673 (B. megaterium gpr) integrated at the amyZ locus or (B) 
with no plasmid was grown and sporulated in 2x SG medium, and 
20-ml samples were isolated, disrupted, and extracted as described 
i- Materials and Methods. Aliquots (20 p.1) were run on SDS- 
[: ,;yacrylamide gel electrophoresis, proteins were transferred to 
nitrocellulose, and GPR was detected with anti-B. megaterium P 40 , 
using either the colorimetric (A) or trie chemiluminescence (B) 
detection method. The labeled arrows on the right give the migration 
position of the initially synthesized GPR (termed P^) and the initial 
processed product (termed P 41 ). These designations were originally 
made on the basis of apparent molecular weights (arrows on the left) 
of B. megaterium GPR determined with reference to molecular 
weight standards. While we also use these designations for B. 
subtilis GPR, the initially synthesized GPR from this species actu- 
ally has an apparent molecular weight of 40,000, and its processed 
fr.--n has a molecular weight of -38,000 (arrows on the left) 
ci.-srmined with reference to molecular weight standards. The 
identities of the bands noted as derived from gpr genes were 
confirmed by their absence in either strain PS832 (which lacks B. 
megaterium GPR) or PS1029 (in which gpr has been interrupted 
[18]). Aliquots of each culture were also analyzed for glucose 
dehydrogenase (gdh) and DPA (dpa). The results of these analyses 
are presented as the percentage of the maximum amount accumu- 
lated. The decrease in glucose dehydrogenase after the maximum is 
reached is due to the acquisition of lysozyme resistance by the 
developing spore. The samples run in the various lanes were 
harvested at various times after the initiation of sporulation. These- 
li:- ':s were as follows: (A) lane 1, 3 h; lane 2, 4 h; lane 3, 6 h; lane 
4. .. h; and lane 5, 12 h; (B) lane 1, 4 h; lane 2, 5 h; lane 3, 6 h; lane 
4, 8 h; and lane 5, 12 h. For the culture analyzed in panel B, no 
detectable GPR was present in a 2-h sample (data not shown). 



detected when the soluble fraction of a dormant spore 
extract was run on SDS-polyacrylamide gel electrophoresis 
and the proteins were transferred to Immobilon paper (Fig. 
3, lane 1). Similar results were obtained when gels were 
stained directly (data not shown). Comparison of the GPR 
b ; \! intensities in this extract with those in extracts from 
spures of PS832 (Fig. 3, lane 2) (in which B. subtilis GPR 
makes up -0.02% of total spore protein (11, 18]) indicated 
that the overexpressed B. megaterium GPR makes up 2 to 
5 % of total spore protein. (Note that spore coat, cortex, 



B 




gdh: 11 43 100 64 21 

dpa; 0 11 45 87 100 

FIG. 2. Analysis of (A) B. megaterium and (B) B. subtilis GPR 
expressed from a multicopy plasmid. Strain PS832 carrying either 
(A) plasmid pPS1669 (B. megaterium gpr) or (B) plasmid pPS1671 
(B. subtilis gpr) was grown and sporulated, and 10-ml samples were 
isolated, disrupted, and extracted as described in Materials and 
Methods. Aliquots (2 u.1 in panel A, 10 u.1 in panel B) were run on 
SDS-polyacrylamide gel electrophoresis, proteins were transferred 
to nitrocellulose, and GPR was detected with anti-fi. megaterium 
P^, using either the colorimetric (A) or the chemiluminescence (B) 
detection method. The arrows on the right denote the migration 
position of the originally synthesized GPR (P^) and its processed 
form (P 41 ). The arrows on the left give the apparent molecular 
weights of these species. Values for the percentage of maximum 
glucose dehydrogenase (gdh) or DPA (dpa) accumulated at each 
time point are given below the lanes. The decrease in glucose 
dehydrogenase after the maximum is reached is due to acquisition of 
lysozyme resistance by the developing spore. The times after the 
initiation of sporulation at which samples run in various lanes were 
harvested are as follows: (A) lane 1, 2 h; lane 2, 4 h; lane 3, 6 h; lane 
4, 8 h; lane 5, 12 h; and lane 6, 24 h; (B) lane 1, 4 h; lane 2, 5 h; lane 
3^ 6 h; lane 4, 8 h; and lane 5, 10 h. For the culture analyzed in panel 
b', no detectable GPR was present in a 2-h culture (data not shown). 



ribosomal proteins, and SASP are not seen on this gel.) A 
similar analysis of the amount of B. subtilis GPR in spores of 
strain PS83 2 carrying plasmid pPS1671, and thus overex- 
pressing B. subtilis GPR, gave a value of 0.2 to 0.5% (data 
not shown). The reason(s) for the difference in the maximum 
amount of B. megaterium and B. subtilis GPR accumulated 
in spores is not clear. 

GPR synthesis and processing in spo mutants. Analysis of 
GPR levels in various spo mutants of B. subtilis showed "that 
when the B. megaterium gpr gene was under the control of 
its own promoter, GPR was not produced by a spoIIAC 
mutant, but was produced in a spoIJIG mutant (Fig. 4A, 
lanes 1 and 3; Table 2). This is consistent with previous 
studies which indicate that most gpr transcription is initiated 
by RNA polymerase containing cr 17 , the product of the 
spoIIAC gene, not by RNA polymerase containing ct g , the 
product of the spoIIIG gene (27). Interestingly, the level of 
B. megaterium GPR produced in the two spolll mutants 
tested was higher than that in a spo* strain (Fig. 4A, lanes 2, 
3, and 6). For the spoIIIC mutant comparable effects on 
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FIG. 3. Level of overexpressed B. megaterium GPR in spores. 
Cleaned spores (5 mg, dry weight) of B. subtilis PS832 with (lane 1) 
or without (lane 2) plasmid pPS1669 (high B. megaterium GPR 
expression) were disrupted and extracted as described in Materials 
and Methods. Aliquots (10 u.1) were run on an SDS-10% polyacryl- 
amide gel, proteins were transferred to Immobilon paper, and the 
paper was stained lightly with Coomassie blue. The horizontal 
arrows denote the positions of B. megaterium P 46 and P 41 . 



other forespore-specific genes have been observed (14). In 
the case of the spoIIIG mutant, the overexpression of B. 
megaterium GPR could be due to the location of the gpr gene 
in the amyE locus; previous work has indicated that some 









1 


B 

2 3 4 


5 6 









-BmP 4 , 
" BsP 46 



BmP^H 



FIG. 4. Synthesis and processing of GPR in spo mutants. (A) B. 
subtilis strains with plasmid pPS1673 (normal level of B. megate- 
rium GPR produced) were grown and sporulated, and 20-ml samples 
were harvested 12 h after the start of sporulation (r 12 ), disrupted, and 
extracted as described in Materials and Methods. Aliquots (20 p-1) 
were run on SDS-polyacrylamide gel electrophoresis, proteins were 
transferred to nitrocellulose, and GPR was detected with anti-B. 
megaterium P 46 , using the colorimetric method. Horizontal arrows 
denote the positions of B. megaterium (Bm) or B. subtilis (Bs) P 46 
and P 41 . The identity of the B. subtilis GPR was established by its 
absence in strain PS1029 [gpr). The relevant genotypes for the 
strains from which samples were run in various lanes are as follows: 
l,spoIIAC\ 2,spoIIIC; 3, spoIIIG', 4,spoVA; 5,spoVF; 6,spo + . (B) 
B. subtilis strains with plasmid pPS1669 (overexpressed B. megate- 
rium GPR) were analyzed as described above except that 10-ml 
samples were harvested, 2-^1 samples were run on the gel (except 10 
jjlI was run in lane 3), and anti-B. megaterium P 40 was used.. The 
endogenous B. subtilis GPR is not seen on this gel. The genotypes of 
the strains from which extracts were run on the various lanes are the 
same as for panel A. 



forespore-specific genes at the amyE locus exhibit anoma- 
lous expression in some spo mutants (24). The detection of 
GPR in this experiment (Fig. 4A) was with anti-£. mega- 
terium P 46 as the primary antibody. Since this antiserum 
detected B. subtilis P 46 well, the P 46 from both B. mega- 
terium and B. subtilis was detected on the same gel (Fig. 
4A). Synthesis of B. subtilis P 46 was also abolished by a 
spoIIAC mutation, but levels of B. subtilis P 46 accumulated 
in a spoIIIG mutant were comparable, to those in a spo~ 
strain (Fig. 4A, lanes 1, 3, and 6; Table 2). In contrast, when 
a promoterless B. subtilis gpr gene was overexpressed under 
control of the sspB promoter, which is recognized by RNA 
polymerase containing cr G , the elevated level of GPR was 
abolished by a spoIIIG mutation (Table 2). With B. megate- 
rium GPR overexpressed using the sspB promoter, GPR 
synthesis was abolished by a spoIIAC mutation and reduced 
> 10-fold by a spoIIIG mutation (Fig. 4B ? lanes 3 and 6; note 
large amount of spoIIIG mutant extract analyzed) (Table 2). 
Presumably the residual GPR synthesis in the latter strain is 
driven by the B. megaterium gpr gene's own promoter. \ 
Except as noted above, the synthesis of GPR from either the 
gpr or the sspB promoter was relatively unaffected by spoIV, 
-V, or -VI mutations (Fig. 4A and B; Table 2). However, the 
processing of GPR during sporulation was blocked by all 
spoIII, -IV, and -V mutants tested, but not by a spoVI or a 
gerE mutation or by deletion of genes coding for major SASP ; . 
(Fig. 4A and B; Table 2). Note that none of the spo mutants^, 
in which the GPR processing was blocked accumulated ' 
significant DPA in the developing forespore, as found previ-1 
ously (4), while the spoVI and gerE mutants accumulated* 
wild-type levels of DPA (Table 2). % 
Effect of GPR overexpression on sporulation, germination, 
and spore properties. As noted above, B. megaterium gpn 
expression from the sspB promoter on a multicopy plasmidr 
increased spore GPR levels at least 100-fold. This elevated" 
GPR synthesis had no apparent effect on B. subtilis sporu-^ 
lation. However, analysis of the SASP level in spores with, 
high levels of B. megaterium GPR (strain PS832 with plas : ^ 
mid pPS1669) showed that while SASP -a levels were only-; 
slightly decreased (-30%), levels of SASP-p and SASP-r 
were decreased three to fivefold (data not shown). The-* 
decreased SASP level in this strain was not due to compe-': 
tition for a G containing RNA polymerase between the sspB 
promoter driving the gpr gene and the strain's endogenous; 
sspA, -B, and -£ genes (which code for SASP-a, -p, and -V 
respectively), as expression of p-galactosidase in a strain'; 
carrying an sspE-lacZ fusion was not affected by plasmid : 
pPS1669 (data not shown). This suggests that the decreased^ 
SASP level in spores with plasmid pPS1669 is due to.jj 
significant SASP degradation in the developing spore. Pre-jj 
sumably this degradation was catalyzed by the high level oft 
P 41 , which has full enzyme activity when assayed in vitro (7).* 
In contrast, spores with B. megaterium GPR expressed at \ 
normal levels (i.e., strain PS832 with plasmid pPS1673) had ( 
normal levels of all three major SASP (data not shown). 

Spores with elevated levels of either Bs subtilis or B. 
megaterium GPR germinated and appeared to go through 
outgrowth and resume vegetative growth normally. In addi- 1 ' 
tion, transformation of the B. subtilis gpr mutant strain | 
PS1029 with either plasmid pPS1669 or pPS1671 resulted in | 
spores in which SASP degradation during spore germination | 
appeared normal, and the slow spore outgrowth phenotype * 
of the gpr knockout mutant (18) was suppressed (data not : 
shown). This is further evidence that the slow outgrowth; 
phenotype of gpr mutant spores is due to the slow degrada-^ 
tipn of SASP during spore germination. - % 
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TABLE 2. Synthesis and processing of GPR dur ing sporulation of various B. subtilis strains- 

GPR synthesis (S) and processing (P) c 



Relevant genotype of B. subtilis 
strain {% D?A) b 



B. megaterium 



B. subtilis 



Overexpressed 



Normal level 



Overexpressed 



Normal level 



(100) 
sp oIIAC(<2) 
jW//C(<3) 
spoIIIG(<S) 

spoIV and spoV mutants (<3) 
spoVIA (95) 
gerE (102) 
%spA sspB (97) 



+ + 

+ + 
+ + 
+ + 
+ + 



+ + 



+ + 



+ + 

+ + + 
+ + + 

+ + 
+ + 



+ + 



+ + 
+ + 



+ + 
+ + 



+ + 



+ + 
+ + 
+ + 



+ + 

+ + 
+ + 

+ + 
+ + 



+ + 



+ + 
+ + 



"° g,VC «S3f^aP5Tn2a ttlSS^ZZ^ZSZ i« of sporulatL, and GPR was examined b y Western b.ot 
• values in parentheses are the percentages of the amount ^^^S^fc^KSi^S of the three plasmids have been normalized to the levels 

jrcsssn itkez: k^tsku - » *s - . or process,, +++> ^ 

^^t^^KSf^. spoIVB, spoIVF, spotVC, spcVA, spoVD, spoVE, and ,p„KF. 



GPR processing during germination. Analysis of GPR in 
dormant spores showed the presence of a significant amount 
of antigen which migrated at the size of the protein initially 
s . hesized in sporulation (P 46 ), although the majority of the 
Gr'R was the smaller processed form (P 41 ) (Fig. 1, 2, and 5 A 
to D). This was found previously in B. megaterium spores 
(11). Examination of the fate of these proteins during germi- 
nation of B. subtilis spores with normal levels of GPR 
showed that B. megaterium P 41 was converted to a smaller 
species (P 40 ) beginning early in germination, and both P 40 
and P 41 disappeared as germination continued (Fig. 5A). 
However, the P 46 initially present in the dormant spore was 
not significantly altered in size or amount throughout germi- 
nation (Fig. 5A). These findings are similar to those made 
pr. msly with B. megaterium GPR in B. megaterium 
spores (11). With spores containing normal levels of B, 
subtilis GPR, P 41 also disappeared as germination proceeded 
(Fig. 5B). However, the amount of sample that needed to be 
applied to this gel made resolution of P 41 and P 40 difficult; 
this particular batch of spores also had very low levels of B. 
subtilis P 46 (Fig. 5B). During germination of spores with 
elevated GPR levels, both B. megaterium and B. subtilis P 41 
were converted to P 40 beginning early in germination (Fig. 
5C and D). However, the P 4 i^P 4 o conversion was not 
con: ' .ic in these spores with elevated levels of P 41 (Fig. 5G 
ani! The level of P 41 plus P 40 decreased significantly 
throughout germination, but had not disappeared completely 
by the last time point analyzed (Fig. 5C and D). However, 
there was no significant change in the level of P 46 during 
germination of these spores, as noted above for spores with 
normal GPR levels (Fig. 5C and D). Interestingly, some of 
the overexpressed B. megaterium P 41 appeared to be con- 
v cncd to a form significantly smaller than P 40 late in spore 
germination (Fig. 5C, arrow labeled a). Possibly, this species 
■* an ; nicrmediate in the degradation of P 40 or P 41 which 
:*:*s perhaps because some part of the normal deg- 
pathway has been overwhelmed by the amount of 
*ubstratc. 

^termination of the amino termini of various forms of 
j* p R- To determine the differences between the various 
lDr ms of GPR, dormant or germinated spores of B. subtilis 



acc.r 



overexpressing either B. megaterium or B. subtilis GPR 
were extracted, and the proteins were run on an SDS- 
polyacrylamide gel and transferred to Immobilon paper. 
Because of the amount of GPR in these spores, it was 
possible to cut out the bands corresponding to P 46 and P 41 
from the dormant spore extract, and the band corresponding 
to P 40 from the germinated spore extract, and subject these 
bands to automated protein sequence analysis. This work 
established that the form in which both B. megaterium and 
B. subtilis GPR is synthesized (P 46 ) has an amino-terminal 
sequence identical to that predicted from the gene's se- 
quences (Fig. 6). In contrast, the processed form generated 
in sporulation (P 41 ) lacked 15 (B. megaterium) or 16 (B. 
subtilis) amino-terminal residues (Fig. 6). The new form 
generated early in spore germination (P 40 ) lacked only a 
single additional amino-terminal residue, a leucine in bothB. 
megaterium and B. subtilis GPR (Fig. 6). The amino-termi- 
nal sequence of the B. megaterium P 40 isolated from B. 
subtilis spores is identical to that determined previously for 
P 40 purified from B. megaterium spores (27). 



DISCUSSION 

Analysis of B. megaterium GPR processing during sporu- 
lation and germination in B. subtilis has shown that the 
processing reactions, at least in terms of the size of the 
processed polypeptides and the amino-terminal sequence of 
the P 40 formed, are identical to those found previously in B. 
megaterium (11, 27). The B. subtilis GPR undergoes similar 
processing reactions, although the apparent size.s of the 
various forms of B. subtilis GPR differ from those of B. 
megaterium. This difference in the sizes of the forms of GPR 
from the two species appears due to sequence differences 
between the two primary gene products which have only 
68% identity, with two additional residues in the B. mega- 
terium GPR (27). While the B. megaterium P 46 has an 
apparent molecular weight of 46,000 on SDS-polyacrylamide 
gels, the molecular weight predicted from the gene's coding 
sequence is only 40,600, very similar to the value predicted 
for B. subtilis P 46 (40,200 [27]). Thus, B. megaterium P 46 
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FIG 5 Fate of B. megaterium or B. subtilis GPR during B. 
subtilis spore germination. Spores of strain PS832 carrying (A) 
plasmid pPS1673 (normal level of B. megaterium GPR), (B) with to 
plasmid (normal level of B. subtilis GPR), (C) p asmid P PS1669 
(overexpressed B. megaterium GPR), or (D) plasmid pPS1671 
(overexpressed B. subtilis GPR) were germinated as described in 
Materials and Methods, and spores were isolated, disrupted, ex- 
tracted and subjected to Western blot analysis by using anti-fl. 
megaterium P 40 with colorimetric detection (A and C) or anti-fl. 
megaterium P 46 with chemiluminescence detection (B and Dj. 
Labeled arrows denote the positions of P 46 , P 4J , and P^. ine 
germination times at which samples run in various lanes were 
extracted are as follows: (A) lane 1, 0 min; lane 2, 15 mm; lane 3 30 
min; and lane 4, 60 min; (B) lane 1, 0 min; lane 2, 15 mm; and lane 
3 60 min; (C) lane 1, 0 min; lane 2, 15 min; lane 3, 30 min; lane 4, 
60 min; lane 5, 120 min; and lane 6, 200 min; (D) lane 1, 0 min; lane 
2 15 min- lane 3, 60 min; and lane 4, 90 min. The positions of P 46 , 
P 41 and P 40 are noted by the horizontal arrows. In panel C, the 
arrow labeled a denotes a possible intermediate in B. megaterium 
GPR degradation. 



may run anomalously slowly on SDS-polyacrylamide gel 
electrophoresis. . - 

The only GPR processing reaction we have identified to 
date is loss of residues at the amino terminus. For the 
processing of P 46 -*P 4 i, this seems likely to be due to an 
endoproteolytic cleavage, although we have not shown this 
directly, i.e., by isolation of the peptide removed. However, 
the further amino-terminal processing during spore germina- 
tion is clearly exoproteolytic, as only a single amino- terminal 
residue is removed in the P 41 -^P 40 conversion. It is possible, 
of course, that there are additional carboxyl-termmal pro- 
teolytic processing reactions, and the apparent loss of 
-5,000 in the molecular weight of B. megaterium GPR going 
from P 46 to P 41 would be consistent with this idea. While we 
have not yet addressed this point experimentally, the B. 
subtilis GPR loses only ~2 kDa in conversion of P 46 t0 P 4i> 
consistent with removal of only 16 amino-terminal residues. 
As noted above, it seems likely that the migration differences 
between the various forms of GPR from B. megaterium and 
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B. subtilis are due to differences in primary sequence be 
tween the proteins from the two species. 

Whatever the reactions involved in GPR processing, the 
enzymes catalyzing these reactions appear capable of pro- 
cessing much more GPR than is normally present in a 
wild-type organism. One explanation for this observation is 
that one or both GPR processing steps are self-catalyzed, 
and thus GPR overexpression would increase both the 
substrate and the enzyme involved in the processing. While 
self-processing may well be the mechanism of P 46 -»P 41 
conversion (see below), the P 41 ^P 40 conversion is almost 
certainly catalyzed by an enzyme distinct from GPR (7). 
Clearly, the latter enzyme must be present in a significant 
excess over the amount needed to process normal substrate 
levels. However, the very slow conversion of P 4:i -*P 4 
during germination of spores with overexpressed £. mega 
terium GPR may indicate that the catalytic capacity of the 
enzyme catalyzing the P 41 ^P 40 conversion may have been 
reached. Our finding that the P 41 -^P 40 conversion involves 
removal of only a single amino-terminal residue suggests that 
an aminopeptidase catalyzes this processing reaction. 
Spores contain high levels of an aminopeptidase which is 
very active in removal of hydrophobic residues (20); possi- 
bly, this is the enzyme catalyzing the germination-specific 
processing. Previous work with B. megaterium spores has 
shown that both P 41 and P 40 are lost completely during spore 
germination and appear to be degraded by ATP-dependent 
proteolysis (11). B. subtilis spores with normal GPR levels 
also lose both P 41 and P 40 during germination. The retention 
of significant amounts of these protein species during germi- 
nation of spores with overexpressed GPR suggests that the 
elevated levels of P 41 and/or P 40 may have overloaded the 
proteolytic system which normally catalyzes their degrada- 
tion. However, this overload had no apparent effect on . 
development of these spores, as they appeared to resume 1 
vegetative growth normally. 4 
Probably the major unanswered question about GPR pro- "| 
cessing concerns the identity of the enzyme catalyzing the ■; 
p 46 ^p 4i conversion. As found previously in experiments j 
examining processing of endogenous B. megaterium P 46 in 1 
B. megaterium forespore extracts (7), we too have not 
observed appropriate processing of B. megaterium P 46 by 
extracts from B. subtilis forespores isolated 5 to 7 h into 
sporulation (19). However, as suggested previously (7), this 
processing reaction takes place while the forespore is under- 
going dramatic physiological changes, i.e., significant dehy- 
dration. Thus, the P 46 -+P 41 conversion may require condi- 
tions very different from those commonly used for in vitro 
reactions. Indeed, P 46 not converted to P 41 during sporula- 
tion is not processed during spore germination. While it is 
certainly possible that there is a separate processing enzyme 
that catalyzes the P 46 -^P 41 conversion, we think it is more 
likely that this process is self-catalyzed. By self-catalyzed 
we do not mean autocatalytic, as it is clear that neither P\o ; 
nor P 41 can process P 46 under normal cellular conditions (7, 
19). Rather, we suggest that each molecule of P 46 processes 
itself, and only itself, to P 41 by proteolysis: There are, we 
think, three pieces of evidence for this proposal. First, 
100-fold higher than normal levels of GPR are processed to 
approximately the same extent as normal levels; i.e., only WJ 
to 90% of P 46 is converted to P 41 during sporulation. It m« ; 
processing reaction was a cleavage catalyzed by a distinc . 
GPR-specific protease present in limiting amounts (hence, 
not all of the P 46 being processed), one might have expecte 
that this processing enzyme would have been overwhelm^ 
by GPR overexpression. However, the extent and timing 
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Bsu : MKKSELDVNQYLIRTDL AVETKE AMAN 



Bme: MEK-ELDLSQY SVRT D L AVEAKD - I AL 

FIG 6 Amino acid sequences at the amino termini of various forms of B. megaterium and B. subtilis GPR. The amino acid sequences of 
the 2? subtilis (Bsu) or B megaterium (Bme) GPR are given in the one-letter code; they were taken from the sequence predicted from the 
lenes' coding sequences (27) and begin at the initiating methionine residue. The horizontal arrows above and below the sequ ^ ^ 
g ~ labeled with small letters give the results of six cycles of automated sequenator analysis of the following: a, the band. ^™^ nd ™ * 

in dormant spores with overexposed GPR; b, the band corresponding to P 4 > in dormant spores with overexpressed GPR 
corresponding to P^ in 30-min-germinated spores with overexpressed GPR. For each sequencing cycle the residue noted by far the 
predominant residue^detected (4 to 10 times higher than any other amino acid). The vertical arrows labeled 1 and 2 denote the sites of the GPR 
processing steps during conversion to P 41 and P40, respectively. 



the processing of the overexpressed P 46 were essentially the 
same as when normal levels of GPR were produced. Second, 
a mutant form of B. megaterium GPR with little or no 
catalytic activity in vivo exhibits greatly decreased P 46 "^ P 4i 
processing during sporulation (11). While there are certainly 
alternative explanations for the latter finding, isolation and 
analysis of an inactive GPR by mutation of the putative 
active-site serine residue (10) would be a good test of the 
idea of self-processing. Third, and we think, the strongest 
evidence comes from comparison of the sequence around 
the P 46 ->P 4 i cleavage sites in B. megaterium and B. subtilis 
GPR with the sequences in sites recognized and cleaved in 
SASP by P 40 or P 41 (Fig. 7). Strikingly, the conserved 



a/fS-SASP: -X-E-I-A-S-E-F- 



7- SASP 



-T-E-F-A-S-E-T 
g T 



GPR: -T-H-L-A~V-E-7t 

FIG. 7. Comparison of the amino acid sequences around GPR 
cleavage sites in SASP with trje sequence in the-P 46 — P 4i cleavage 
"ite. Amino acid sequences are given in the one-letter code. The 

\SP cleavage sites are taken from reference 21 and include 
..formation only from 5. cereus, B. megaterium, and B. subtilis 
SASP. The vertical arrow denotes the bond cleaved in the three 
types of proteins. The residues shown are those from 6 cleavage 
sites in 7-type SASP from these species (7-SASP), as well as 13 
cleavage sites in a/p-type SASP (a/p-SASP). Single residues shown 
in the sequences around cleavage sites in SASP are the only residues 
found at this position; for positions with variation but only one 
variant residue, the minor residue(s) is given in lowercase letters 
below the predominant residue. The small capital letters below the 
major residue denote the residue found at this position in four (Q) or 
;u 'o (T) cleavage sites. The letter X as the first residue of the 
i'jence around the a/p-SASP cleavage site notes that there is no 
-ensensus residue at this position. Residues in the P 4 6^ P 4i cleavage 
site which are identical to those in GPR cleavage sites in y-typt 
SASP are in boldface; type residues which are similar to those in 
GPR cleavage sites in SASP are underlined. 



heptapeptide surrounding the P 46 -*P 41 cleavage sites shares 
three or four identical residues with the sites cleaved in 
7-type SASP ofB. cereus, B. megaterium, and B. subtilis. Of 
the three other residues, two are very similar to residues in 
SASP cleavage sites, with only one which is very different 
(Fig. 7). Given the high sequence specificity of GPR (21), this 
sequence similarity strongly suggests that GPR cleaves itself 
at a site similar to that in its SASP substrates. One possible 
model is that the amino-terrninal peptide in P 46 actually sits 
in the enzyme's active site, inhibiting enzyme activity; 
initially, the Asp-Leu bond does not align properly with the 
enzyme's catalytic serine residue and is therefore not 
cleaved. However, as sporulation proceeds, there is a con- 
formational change in P 46 , possibly associated with spore 
core dehydration (see below), which then allows cleavage of 
the Asp-Leu bond converting P 46 to P 41 . If the change in P 46 
stimulating processing to P 41 is indeed the result of removal 
of significant water from the spore core, then the low water 
level when P 41 is generated might be the reason for the low^ 
activity of P 41 on its SASP substrates in vivo at this time, 
i.e., because of restrictions in protein diffusion. Similarly, 
the spore's aminopeptidase would be unable to process P 41 
to P 40 at this time. We have found that the processing of GPR 
during sporulation takes place at or slightly before the 
uptake of the large depot of DPA (up to 10% of the spore's 
dry weight) by the forespore, which itself takes place as the 
spore core becomes dehydrated, resulting in spore heat 
resistance (5). It would have been most informative to have 
been able to elevate the DPA level in forespores of the 
spoVF mutant, which is thought to lack DPA synthetase (4), 
by exogenous DPA. Unfortunately, while sporulatidn of this 
strain with exogenous DPA results in a significant titer of 
heat-resistant spores, this titer remains ~2 logs below that of 
a spo* culture (4, 19), and the amount of DPA taken up by 
the culture as a whole is insignificant. 

In addition to GPR processing, there are at least two other 
proteolytic processing reactions which serve key regulatory 
functions in sporulation. Both are the proteolytic activation 
of precursor forms of sporulation-specific sigma factors for 
RNA polymerase, pro-o* and pro-o-*, to their active forms 
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(12). The amino acid sequences in the regions around the 
cleavage sites in these two pro-a factors bear no resem- 
blance to that around the cleavage sites in GPR (8, 13). 
However, for neither of the pro-a factors has any correct in 
vitro processing been achieved. Indeed, it has been sug- 
gested that these processing reactions, in particular, that of 
pro-o^, may be coupled to a morphological change in the 
sporulating cell (3, 23). In some respects this proposal is 
analogous to our proposal that P 46 to P 41 processing is 
triggered by a profound physiological change in the devel- 
oping forespore. 

A final question to be considered is the function of each of 
the GPR processing reactions. Previous work has shown that 
B. megaterium P 46 is inactive both in vivo and in vitro; in 
contrast, P 41 is active in vitro, but must have little or no 
activity in vivo because SASP normally do not turn over 
during sporulation (7, 11, 21). The fact that more than 
100-fold overexpression of GPR still allows significant SASP 
accumulation in spores is consistent with P 41 having very 
low activity inside the developing forespore. However, the 
decreased SASP level in these spores argues that P 41 can 
have some, albeit low or transient, activity in vivo. Thus, the 
function of the sporulation processing of GPR appears to be 
to generate an enzyme which will be active in the first 
minutes of germination, yet have little if any activity in the 
developing forespore and dormant spore. This suggests that 
the same conditions that allow the P 46 -*P 4 i conversion 
during sporulation, possibly the onset of spore core dehy- 
dration as noted above, may also preclude P 41 from diffusing 
to and acting on its SASP substrates. Possibly some knowl- 
edge of the conditions giving P 46 ^ P 4i processing in vitro will 
suggest mechanisms whereby 'the P 41 generated will act 
poorly, if at all, on its SASP substrates in vivo. 

The precise function of the germination-specific process- 
ing is even less clear, as it removes only a single amino acid, 
and P 40 appears indistinguishable catalytically from P 41 (7). 
One possible explanation is that the P 41 to P 40 processing is 
irrelevant to the activity of GPR in vivo during spore 
germination and takes place only because of the high amin- 
opeptidase activity in the spore which presumably can only 
act on P 41 in the first minutes of germination. This explana- 
tion is consistent with the lack of any clear catalytic differ- 
ence between P 41 and P 40 in vitro (7). A second possible 
explanation is that removal of the amino-terminal leucine 
renders the resulting P 40 susceptible to the cell's ATP- 
dependent proteolytic system which degrades P 40 as spore 
outgrowth proceeds (11). There is good precedent for such 
processes in E. coli, yeasts, and higher organisms (1, 28) ? 
However, in the latter organisms generation of an amino- 
terminal alanine residue would not result in protein destabi- 
lization, as alanine is generally an amino-terminal stabilizing 
residue (1, 28). While the identities of stabilizing and desta- 
bilizing amino-terminal residues have not been established in 
Bacillus species, the relative similarity of the behavior of 
various residues in both E. coli and yeasts suggests that this 
would also be similar in B. subtilis. Consequently, at present 
the reason for the P 41 to P 40 processing is unclear. 
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Initiation of the Germination of Bacillus subtilis Spores 
by a Combination of Compounds in Place of 

L-Alanine 
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L- Alanine initiates the germination of spores of Bacillus subtilis by entering two 
metabolic pathways. The products of one pathway, which is inhibited by D-alanine 
or by elevated temperature, can also be derived from a combination of fructose, 
glucose, and K 4 ". The present study demonstrated that the products of the other 
pathway can be derived from L-asparagine or L-glutamine or, to a lesser extent, 
from several other amino acids. Hence, the combination of L-asparagine (or L-glut- 
amine), fructose, glucose, and K + can initiate spore germination in the absence of 
L-alanine. Spores preincubated in a combination of asparagine and fructose do 
not lose refractility, optical density, or heat resistance, and do not take up methylene 
blue stain. The spores do, however, undergo some reaction which prepares them 
for a more rapid response to the later addition of glucose and IC*" . This preincuba- 
tion reaction has an optimal temperature of about 44 C. 



The germinative process of typical Bacillus 
subtilis spores can be initiated by 10~ 3 m l- 
alanine (ALA) or by any one of certain other 
amino acids. The rate of germination can be 
measured by the decrease in optical density (OD), 
at 625 m/i, of a spore suspension in tris(hydroxy- 
methyl) amino methane (Tris) buffer. Previous 
experiments (7) indicated that, in the germinative 
process, ALA enters two metabolic pathways. 
One pathway is inhibited by D-akfnine or by 
high temperatures (49 C). The products of this 
pathway, which are necessary for initiation, can 
also be derived from a combination of fructose 
(FRU), glucose (GLC), and K + . It seemed 
possible that the product(s) of the other pathway 
of ALA also could be derived from a combination 
of compounds that are incapable of initiating 
spore germination by themselves. We found that, 
in the presence of FRU, GLC, and K + , germina- 
tion was also initiated by the addition to a spore 
suspension of L-asparagine (ASN), L-glutamine 
(GLN), or, to a lesser extent, L-cysteine, L-serine, 
or glycine. 

Materials and Methods 

Strains. The transformable strain 60127 (nicotinic 
: ( .cid~) was used for studies on B. subtilis. B. cereus 
strain T was obtained from B. Krask. 

1 Present address: Biochemistry Section, Weizmann 
Institute, Rehovot, Israel. 



TBAB plates. TBAB plates contained 33.0 g per 
liter of Tryptose Blood Agar Base (Difco). 

Sporulation, harvest , heat activation, and initiation 
procedures. These procedures were described pre- 
viously (7). Except where indicated, the initiating 
agents were used at the following final concentrations : 
KC1, 3.3. mg/ml; ALA, 0.1 mg/ml; ASN, 0.33 mg/ml; 
GLC, 1 mg/ml; FRU, 1 mg/ml; and 0.1 M Tris-chlo- 
ride buffer. 

The rate of initiation was measured by k m) the 
maximal value of the rate at which the function OD/ 
ODo decreased per hr (OD measured at 625 m^; OD 0 
= initial optical density of the spore suspension at 
625 m^). 

Stainability. Stainability was determined by adding 
a drop of 0.5% methylene blue to dried spores on a 
slide, placing a glass cover slip on the slide, and ex- 
amining the spores in a light microscope 5 min later. 

Tween 80 was purchased from the Atlas Powder Co. 
(Wilmington, Del.). 

Results 

Figure 1 shows the initiation of 60127 spores 
by ASN or GLN in the presence of FRU plus 
GLC plus K + . When any of these compounds was 
left out, no initiation was observed (some spore 
preparations showed a slow rate of initiation 
without added potassium, presumably because 
traces of potassium were still present). ALA alone 
initiated germination of spores at a slightly 
higher rate than the above combinations. The 
initiation rates (k m ) observed with other amino 
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acids, alone and in the presence of FRU plus 
GLC plus K + are summarized in lable l. me 
effects of all amino acids which could initiate 
germination alone were potentiated by the 
addition of FRU plus GLC plus K+. The addition 
of these substances was especially effective lor 
L-cysteine. glycine, and L-senne. 

Table 2 shows that glucosamine could replace 
GLC and mannose could replace FRU, but five 
times higher concentrations of these compounds 
were required to obtain comparable values of the 
maximal initiation rate, fc„, Many other carbon 
sources (at 1 mg/ml) were ineffective as replace- 
ments for either GLC or FRU (see Table 2) . 

The temperature dependence of the initiation 
rates (kj is shown in Fig. 2. Although a com- 
bination of ALA, FRU, GLC, and K+ initiated 
germination at a higher rate than a combination 
of ASN. FRU. GLC, and K+ the temperature 
r optima differed only slightly. Heat-shocked spores 
reacted more than twice as fast as nontreated 

( spores. ... 

Figure -3 shows how the initiation rates 
varied with the concentration of one of the four 
compounds (ASN, FRU, GLC, K + > when he 
other three were in excess. It is apparent that 
FRU could not replace GLC and vice versa, even 
at high concentrations (1 mg/ml). 

Althouuh the refractility of the spores did not 
change when they were exposed to fewer than the 
above four compounds, some biochemical reac- 
tion mav have taken place. Thereto re spore 
suspensions were exposed for 1 hr at 37 _L -to 
different combinations of ASN, FRU GLC, and 
K+- subsequently, the compound(s) lett out was 
added. Throughout this experiment, the change 
in OD was recorded. When both ASN and FRU 
were initially present., a much more rapid initia- 
tion was observed upon subsequent addition or 



GLC and K + than when all four compounds were . 
added simultaneously. The early addition of a 
mixture ASN, GLC, and K+ or of a mixture of , v 
FRU GLC, and K + did not cause such an effect 
(Fig 4) . The presence of K+ in addition to ASN 
and FRU did not influence the subsequent re- 
sponse to GLC and K+. It is therefore clear that 
the reaction involving GLC, but not the reaction 
involving ASN or FRU, required K 4 ". 

During the period of exposure to ASN and 
FRU spores did not become stainable by methy- ; 
lene blue, did not lose their refractility, and did 
not become heat-sensitive (survival was meas- - 
ured, after heating for 30 min at 78 C, by plating 
onTBAB). The spores did, however, tend to torm 
clumps and to become attached to glass or plastic 
centrifuge tubes. At the suggestion of A. Keynan, 
Tween 80 (0.33 mg/ml) was used to avoid the 
stickiness and thus facilitate medium changes 
after the preincubation period. The concentration 
of Tween 80 used had no effect on initiation rates 
in a mixture of ASN, FRU, GLC, and K+. When 
spores were preincubated for 1 hr at 37 C in 
ASN plus FRU, then were centriluged in the com 
for 4 min at 9,000 rev/min (9,700 X g), an <^ we . re 
finally resuspended in Tris plus Tween 80, the 
addition of GLC plus K+ effected only a small 
OD decrease. When all four compounds were 
added after centrif Ligation, however, the usual 
rapid OD decrease was observed. This result indi- 
cates that ASN plus FRU must be present at me 
same time as GLC and to allow initiation to 

continue. , ■ , 

The optimal temperature tor the preincubation 
reaction was measured by suspending In- 
activated spores in a solution ot 0.1 m 
chloride (yiH 7.4) plus ASN (0.33 mg/ml) plu> 
FRU (1 mg/ml) at different temperatures. < 
different times, samples were removed and we 
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Compound 



Compound alone 



333 ng/m\ 



Adenosine 

^-Alanine 

L-Alanine 

L-a-Aminobutyrate . . . 
L - 7 -Aminobutyrate . 
L-a-Aminoisobutyrate . 

L .Arginine 

L-Asparagine 

L-Aspartate 

L-Cysteine 

D-Galactosamine 

D-Glucosamine 

L-Glutamate 

L-Glutamine 

Glycine 

L-Histidine 

Inosine 

L-Isoleucine 

L-Leucine 

L-Lysine 

l -Methionine 

L-Norvaline . 

L-Phenylalanine 

L-Proline 

L-Serine 

l -Threonine 

L-Tryptophan 

L-Tyrosine 

L-Valine 



0.09 
1.7 
1.1 
<0.01 
0.98 

<0.01 

<0.01 



<0.01 
<0.01 



0.08 

0.33 
<0.01 



100 M g/ ml 



33pg/mt 



1.7 
0.86 
<0.01 
0.59 



0.29 



1.4 
0.44 
<0.01 
0.17 



In the presence of FRU + GLC + K7 



333 Mg/ml 



<0.01 

0.2 

2.1 

1.7 
<0.01 

1.2 
<0.0l 

1.3 

0 

0.54 
<0.01 
<0.01 
<0.01 

1.2 

0.50 
<0.01 
<0.0l 

0.20 
<0.01 
<0.0l 
<0.0l 

0.66 

0 

0 

0.19 
<0.01 
<0.0t 
<0.01 

0.54 



100 Mg/ml 



0.03 
2.1 
l.l 
<0.01 
0.56 

1.1 
0.26 



0.38 
0.24 



0.05 



33 Mg/ml 



0.03 
2.1 
0.66 
<0.01 
0.23 

0.09 

<0.01 



<0.01 
<0.01 



0.14 



0.01 



0.02 



0.06 



0.03 



« FRU and GLC were used at a concentration of 1 mg/ ml , whereas 
3.3 mg/ml. 



KC1 was used at a concentration of 



Table 2. Initiation rates (k m ) in the presence of 
ASN (0.330 mg/ml) ± KCl (33 mg/ml) + 0.1 M 
Tris-chloride, pH 7 A* 



Combinations of initiating agents 



1.4 

1.3 
0.74 



GLC (1 mg/ml) + mannose (0.33 mg/ml) . 
GLC (1 mg/ml) + mannose (0.10 mg/ml). 
GLC (1 mg/ml) + mannose (0.03 mg/ml) . 
FRU (I mg/ml) + glucosamine 

(1.0 mg/ml) U3 

FRU (1 mg/ml) + glucosamine 

(0.1 mg/ml) °- 6 



«• The following compounds (at I mg/ml) 
showed k m < 0.01 when they replaced either GLC 
or FRU: /i-acetyl glucosamine, adenosine, l- 
arabinose, fructose-6-phosphate, fructose-1 ,6- 
diphosphate, D-i'ucose, D-galactitol, D-galactose, 
L-glucose, glucose-6-phosphate, DL-glyceralde- 
hvde, glycerol, inosine, /-inositol, lactose, levo- 
giucosan, D-lyxose, levulinic acid, 0-methyl-D- 
glucoside, pyruvate, rhamnose, ribose, sorbose, 
sucrose, and D-xylose. 



adjusted to 37 C; initiation was started by the 
addition of GLC (1 mg/ml) and K+\ The initia- 
tion rates increased with the time of preincubation 
until a maximal k m was obtained {see Fig. 5). 
The k m values obtained after 1 hr of preincuba- 
tion were plotted against temperature (Fig. 6). 
The optimal temperature for the preincubation 
reaction was approximately the same as the 
optimal temperature for the overall initiation 
reaction. 

The maximal k m values obtained after pre- 
incubation depended on the temperature em- 
ployed (Fig. 5). This finding suggested the pres- 
ence of an equilibrium between production in 
and elimination from spores of a compound 
needed for initiation, the equilibrium constant 
depending on the temperature. To test this 
possibility, spores were incubated in ASN plus 
FRU for l hr at 42.5 C (a temperature giving the 
maximal rate of subsequent initiation at 37 C). 
The spores were then kept in ASN plus FRU at 
0 or at 28 C for 7 hr before they were exposed to 
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Table 3. Initiation of Bacillus cereus strain T 
spores by combinations of ASN (0.33 mg/ml) } 
ALA {OJ mg/ml), OA m hydroxylamine (HA), 
GLC (/ mg/ml), and FRU (1 mg/ml) in 
0.1 xr Tris-chloride, pH 7 A 



35 40 45 
TEMPERATURE 



Heat- 
s hoc keel" 


Combinations of 
initiating agents 




ODso/OD, 


HA 


ASN 


GLC 


FRU 


ALA 


+ 




+ 


+ 


+ 




0.01 


0.98 








+ 




+ 


3.3 


0.65 




+ 








-+■ 


5.9 


0.42 












+ 


<0.01 


1.0 


+ 








+ 


+ 


<0.01 


1.0 


+ 










+ 


<0.01 


. 1.0 






+ 




+ 




<0.01 


1.0 






+ 






+ 


<0.0l 


1.0 










+ 




<0.0i 


1.0 




+ 


+ 


+ 




+ 


<0.0l 


1.0 


X - 


+ 










<0.0l 


1.0 


O _ 




i 


+ 


+ 




• <0.01 


1.0 



water for 1 hr at 70 C. 



Fig. 2. Dependence of initiation rates (k m ) on tem- 
perature and heat shock in the presence of ALA + 
FRU + GLC + K+ or ASN + FRU + GLC + K+. 
All samples were run in 0.1 ii Tris chloride, pH 7.4. 

GLC plus K- at 37 C. Although spores which 
were exposed to GLC plus immediately after 
preincubation showed a k m of 5.4, those spores 
' which were kept for 7 hr at- 0 or at 28 C showed 
k m values of 5.4 and 2.6, respectively. 

D-Alanine did not inhibit the initiation induced 
by a combination of ASN, FRU, GLC, and K+ 
even when the ratio of D-alanine to ASN was 
10:1. In contrast, a D-alanine to ALA ratio of 
10-1 was sufhcient to prevent initiation by a 
mixture of ALA, FRU, GLC, and K+ (7). 

After heat treatment, B. cereus (strain T) can 
be initiated by 100 /ig/ml of ALA if hydroxyl- 
amine (0.01 m) is present (B. Krask, personal 
communication). Such spores did not show any 
initiation in a mixture of ASN, FRU, GLC. and 
K + whether or not hydroxylamine was present. 
A partial initiation (Table 3), however, was 
obtained in a mixture of ALA, ASN, FRU, and 
GLC in the absence of hydroxylamine. 

Discussion 

Several amino acids, especially asparagine and 
gluiamine, which by themselves cannot initiate 



the germination of B. subtitis, can do so in the 
presence of FRU plus GLC plus K + . The initia- 
tion of B. subtiiis spores by asparagine plus 
caramelized glucose was reported by Hachisuka 
et al. (13). The active agents in "caramel" 
apparently are FRU and GLU (7) . The finding of 
several agents, which can initiate only in com- 
bination, made it possible to study the sequential 
action of the individual components. A reaction 
occurs in the presence of ASN plus FRU, which 
prepares the spores for a rapid initiation when 
GLC plus are subsequently added. In the 
spore, ASN and FRU apparently give rise to a 
metabolite which is necessary for initiation. When 
this compound is not utilized for initiation soon 
after its production, it is lost again, apparently by 
enzymatic breakdown rather than by simple 
diffusion out of the spore. An enzymatic degrada- 
tion is indicated because the preincubation 
response for rapid initiation, obtained at 42.5 C, 
is lost after several hours at 28 C but is stable 
for manv hours at 0 C. Although preincubation 
in ASN plus FRU enhances the subsequent 
response to GLC plus K+ , all of these compounds 
are needed continuously to give complete initia- 
tion. 

K + ions were not needed during preincubation 
in ASN plus FRU. The ions apparently are 
necessary for the uptake or utilization of glucose. 

In a recent paper (2) , it was proposed that ALA 
initiates germination by two metabolic pathway* 
(Fig. 7). The pathway to compound II, and on to 
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Fig. 3. Concentration dependence of initiation by ASN + FRU + GLC + K + in OJ m Tris-chloride, pH 7.4 
In each case, the concentration of one compound was varied, whereas the other three compounds were added in 
excess: FRU 1 mg/ml; GLC, 1 mg/ml; ASN, 0.33 mg/ml; and KCI, 33 mg/ml. (A) FRU varied. (B) GLC 
varied. [Q ASN varied. (D) K + varied. 
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-ALL SAMPLES NOW HAVE 
ASN + GLC +FRU + 



Preincubated in 
ASN+GLC + K* 




Preincubaled in 
ASN + FRU 



Preincubaled in 
GLC +FRU^K" 



SO 



70 



90 



IOC 



80 
MINUTES 

Fig. 4. Effect of preincubation at 37 C, in the presence of several compounds, on the subsequent initiation in 
ASN + FRU + GLC + K+ at 37 C. 



Ill and IV ; which is not necessary in the presence 
of FRU plus GLC plus is blocked by high 
temperature (49 C), by D-alanine (at concentra- 
tions equal to those of ALA used for initiation), 
or in a mutant (7). In this pathway, ALA appar- 
ently serves as a carbon donor. In the pathway to 
compound I, ALA serves as an amino donor, 
since it can be replaced by ASN or GLN. if 
FRU plus GLC plus are available. The 



response of spores to preincubation in ASN plus 
FRU further indicates that ASN (or a product of 
it) and compound III (derived from FRU) must 
react to form compound I. Analogous to this 
would be the reaction of GLN or ALA with 
compound III to form compound I. 

Our results show clearly that the initiation by 
ALA represents a complex metabolic process, 
requiring the existence of many intact enzymes in 
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ALA 
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2 3 4 

HOURS OF PREINCUBATION 

Fig. 5. Effect of preincubation time and temperature 
on the subsequent initiation rates at 37 C Spores were 
held in a mixture of 0.1 M Tris-chloride, pH 7.4, ASN 
(0 33 mg/ml), and FRU (1 mg/ml), at the indicated 
temperatures. After different times, ™P*f* ™ n 
justed to 37 C GLC (1 mg/ml) + KCl (3.3 mg/ml) 
were then added, and the OD decrease was followed 
in a recording spectrophotometer. 





30 """ AO 50 
TEMPERATURE 



ASN 
OR 
GLN 



Fig. 7. Proposed scheme showing the replacement 
of alanine as an initiating agent by the combination of 
ASN + FRU + GLC or GLN + FRU + GLC. Com- 
pounds I and IV must be made to produce initiation 
(decrease in OD of the spore suspension). ASN, GLN, 
or ALA react with compound III to form compound I. 

spores. The same conclusion can be derived from 
earlier experiments which showed that spores 

can be initiated by different compounds (2, 4, 6), S 

that certain spores can be better initiated or only % 

initiated by the combination of two agents (2, 5), ^ 

or that mutants which have an additional ger- « 

mination requirement can be derived (1,7). * 
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preincubation reaction. Spore suspensions were ^ C ?I /^\s/ax. R.,E. Freese, and M. Cashel. 1967. Separa 
bated at various temperatures for 1 ^J^^^ff 7 tion 0 f two functional roles of L-alanine in the 
mg/ml) + FRU (j mg/m). After transfer to 37 C^J 



GLC (1 mg/ml) + KCl (3.3 mg/ml) were added, and 
initiation was followed. 



initiation of Bacillus subtilis spore germination. 
J. Bacterid. 94:522-529. 



Am.ll:!> and [:NViK(>NMi:NiAl. MiCKoiiioi (*;>, , Sept. I WX. p. .1220-3224 
IXrW-2240/VN/$lU.()<) t (I 

Copyright o I 'MS, American Sciciciy for Microbiology. All Ri^his Reserved 
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We have studied pressure-induced germination of Bacillus subtilis spores at moderate (100 MPa) and hifjh 
(500 to 600 MPa) pressures. Although we found comparable germination efficiencies under both conditions by 
using heat sensitivity as a criterion for germination, the sensitivity of pressure-germinated spores to some 
other agents was found to depend on the pressure used. Spores germinated at 100 MPa were more sensitive to 
pressure (>200 MPa), UY light, and hydrogen peroxide than were those germinated at 600 MPa. Since small, 
acid-soluble proteins (SASPs) and dipicolinic acid (DPA) are known to be involved in spore resistance to UY 
light and h>drogen peroxide, we studied the fate of these compounds during pressure germination. DPA Has 
released upon both Ion- and high-pressure germination, but S.\SP degradation, nhich normally accompanies 
nutrient-induced germination, occurred upon lem-pressure germination but not upon high-pressure germina- 
tion. These results adequately explain the UV and hydrogen peroxide resistance of spores germinated at 600 
MPa. The resistance to pressure inactivation of 600-MPa-germinated spores could also, at least partly, be 
attributed to a/p-type SASPs, since mutants deficient in a/p-type SASPs were more sensitive to inactivation 
at 600 MPa. Further, germination at 100 MPa resulted in rapid ATP generation, as is the case in nutrient- 
induced germination, but no ATP was formed during germination at 600 MPa. These results suggest that spore 
germination can be initiated by low- and high-pressure treatments but is arrested at an early stage in the latter 
case. The implications for the use of high pressure as a preservation treatment are discussed. 
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A major obstacle to the application of high hydrostatic pres- 
sure as a technology for (he preservation of foods and phar- 
maceuticals is the ineliicienl inactivation of bacterial spores. 
Ungcrminated bacterial spores arc believed to be extremely 
pressure resistant (1. 13). Spores of//, subtilis were shown to 
survive pressure treatments at I.IKKl MPa for 41) min at tem- 
peratures below 10°C (17). However, it has been observed for 
the spores of various Bacillus spp. that inactivation uas more 
efficient at moderate (2(H) m 5(H) MPa) than at higher ( -5(*i 
MPa) pressure. This w;ts explained by the finding thai pressure 
can induce spores to germinate and lose their resistance to high 
pressure and heat and by (he assumption that this germination 
is less efficient at high pressure (5. 7. 20, 2b). This pressure-in- 
duced germination was strongly temperature dependent, being 
virtually absent at < lO'C and most prominent at 40 to 50"C\ 

In line with these observations, it has been demonstrated 
that significant reductions in spore su. ival can he obtained by 
» application of a cyclic process alternating between Iom. and 
high pressures at- moderate temperatures (40 u> 7() : C) (4. 10. 
26). A problem that remains unsolved is the existence of a 
relatively large fraction of superdormant spores that remain 
ungcrminated and thus viable after prolonged pressurization 
(20). There is only limited knowledge about the factors affect- 
ing pressure-induced germination and about its mechanism. 

Gould and Sale (7) assumed that pressure-induced germi- 
, nation is caused by activation of enzymes involved in spore 
• germination. For instance, they showed that a pressure of 25 
MPa increased the activity of alanine racemase in 11 circus T 
spores. It is possible that pressure results in a changed en- 
vironment in the spores by affecting the permeability of the 
spore envelope. The changed environment, in turn, could lead 

' Corresponding author. Mailing address: Lahoralnry of Fond 
Microbiology. Kard. Mercierlaan l >2. B-.V)(H Heverlee. Belgium. 
Phone: 32-lfi-32.15.78. Fax: 32-lfi-J2.l'J.M). H-miiil: ehris.michiels 
(" agr.kuleuven.ac.he. 



to activation of germination enzymes. Alternatively, pressure 
could directly induce conformational changes in enzymes, which 
could lead to activation of the enzymes (In). The observation 
that inhibitors of nutrient-induced germination also inhibited 
pressure-induced germination suggests that common enzy- 
matic reactions are involved in both germination processes (7). 

The reduced germination assumed to occur at higher pres- 
sures could be explained h\ conformational changes leading to 
inactivation of a critical germination enzyme. This inactivation 
must he reversible, since spores exposed to «S00 MPa at 25 : C 
germinate normally at 0.1 MPa in the presence of nutrients («S). 

That spore inactivation exhibits a maximum as a function of 
pressure has been attributed by most investigators to the exis- 
tence of a pressure maximum for spore germination. However, 
the data reported by Gould and Sale (7) shows that at 45°C, the 
degree of pressure-induced germination of ft cot/gulans spores 
increases between 100 and nOO MPa, while the inactivation is 
maximal at 300 MPa and decreases at higher pressures. In ihiv, 
case, the pattern of spore germination cannot explain the ex- 
istence of a pressure maximum for spore inactivation. In the 
present paper, we report a similar discrepancy between H. sub- 
tilis spore germination and inactivation by high pressure. In ad- 
dition, we provide an explanation by demonstrating that spores 
germinated at high pressure pass through an incomplete ger- 
mination process and therefore retain some of their resistance 
properties. 

MATK RIALS AM) METHODS 
Prtpjrulinn oT H. xuhtilis spor? .suspen.viuns. li. \nhtih\ ATCC M)s|, iihtained 
from the I.MCi culture collection (Cihenl. Belgium), and H. \uhi\U\ [\SN32 (wild- 
type). l»S35fi (sm;ill. acid-soluhle prnlcin |SASI'| (i ). PSW (SASP \ ). and 
PS4X2 (SASf it (i y ). ohtained Irom P. Set low (University of Connecticut 
Health Center), were med throughout this study. To induce sporulaiion. cells 
from a Xlr'C glycerol Mock culture were jirnwn ;n JTC in a humid atmosphere 
on the surface of nutrient ajur CM 3 (OxniJ. Hasinysmke. tinned Kingdom) 
supplemented svith lUtf-pm! M^SOj .md ».25-g/ml KII : P() 4 . Alter 7 davs. 
spores were harvested, washed iwn times hv cenlriluisition ai 4.IMH) v $ for 15 
min each time, anil finally resuspended in sterile, dcioni/cd water. The spore 
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suspension was adjusted in III"" in |U" spores nil 1 ;ind kept ;tl 4 (' |nr up In I 
month. (Mating til these spore suspensions helore ;tnd idler heal treatment (WC 
lur 15 min) did run result in sipmlieantlv different eounlv This indicated thai the 
spore suspensions consisted exclusively ot sporev The eventual presence nl lu\* 
numbers nfvciiclalive eelK did run inlluenec the results ol the experiments, since 
theve ;ire nunc sensitive lhan spoic\ to pressure and it * the other lethal agents 
used in this work. 

Pressure treatment and measurement or germination. Aqueous spore suspen- 
sions, diluted fivefold with 511 mM potassium phosphate huller (pll 7). were 
pressurized al 4(I"C in heal scaled, sterile polyethylene hags. The prcssuri/ation 
equipment (Kesatn. Koden. The Netherlands) et insisted of j manual K operated 
vpindle pump, twu parallel IhcrmostjtteJ u-wU *ith j iiiculjhne .iter jjiAet. 
jnd the rueessjr> high -pressure %jK t -s to jlhm independent uy <»i N«ih vessels 
lo eount ihe ungertmn.iled spores aller ptessuft/jtion. ihe ircjleJ sr*nc 
suspensions were immersed in w.ner at rrft'C tor 15 mm lo injctnale ecrnunaied 
spores Ihe percentage ot ungemtinaied spores w.is calculated js the ratio nl ihe 
number nl ("HI alter gernnnalion and heal treatment in the nuinkr ot (. Hi 
helore germination hut with heal treatment multiplied In loo 

V\ treatment. A UV iraitsilliimmalnr (254 nm: no W m" ) u.ts |>oMhoned 
upside down al appioximalclv ID cm ahove an open llat-ltnllom Mai (diainetei. 
2 cm) containing I ml ot a spore suspension diluted h\clold in 5n mM potassium 
phi»sph.»ie hurler. .igtljled h\ j snull magnetic %hiic T Samples weic withdrawn 
jt ditlerent l'\ exposure limes .md pi. tied lo count survnors 

Measurrmenl of DPA rrtrasr. Ihe dipu'olinie jod (DP.A) conlcni o| ihe 
tittered supernjl.ini ol the pressure-uerminjicd ^p*»re suspenoons w.is measured 
hv .i mclhod h.i^ed on the eharaelerisiie change in the absorhancc speclrum ol 
DPA upon addition nt (V 121) I he total DPA contenl ol ihe spires *. t s 
determined aller auioclaving the pressure-germinated spore suspensions to com- 
pletely release |)|'A ( | | ). 

Extract ion and immunoblot anal>si> of SASPs. Spores (or prcssurc-cermi- 
nated spores) were suspended in .1 ml of ice-cold 2 N MCI and t* g ol |tif»-u.m- 
diameler glass beads (Sigma. Si. Louis. Mo.) w L -re added The samples were 
Noricxcd live limes lor I min and kept on lee lor 3 mm between miving period*. 
Aller HI min on ice. the su^pcnMons were tentriluged lor in min al Ili.lKtfl • e 
I'he pellets *^re eviraeled a seiond time wnh 3 ml ot 2 N MCI lor 5n mm on kc 
and Im.ilK e \li. .vied i»iec with 2 ml ».t V , aeelie .icid lor In mm .ii nmm 
.temper.iiure. Ihe L.*mhincd MCI and aeelie .icid extracts were dialwed in Spec- 
liapor no. / tubing (molecular weighl cutoll. 3.51X1 1 against I', acetic acid lor 
n2 h al s C and Kophih/ed The drv residues were dissolved in a small volume ol 
sample butler containing III mM Tris-IK'l(pH 7.5). 1 m.M l;l)TA. 2.5' > vnJium 
di»decvl sull.ite.lUU', bromophenol blue, and I'/ dithiothreilol. The simples 
uere run on a sodium dodecyl sul!;iie-r>ilvacr\Iarnide gel (PhasiCiel Homoge- 
neous 2(1: Pharmacia. Uppsala. Sweden). The proteins tin the gel were electro- 
blotted onto a polywnylidcne dilluoride mieroporous memhrane ( Immohilon-P 
Transfer Membrane: Millipore. Hcdlord. Mass.). SASPs on the polyv inylidene 
dilluoride membrane were then delected hv using rabbit antisera against'^. .si//j- 
tilis SASP (i plus f3 or //. utbttfis SASP y tibtained from P. Set low (University ol 
Ctinneciicul Health Center) and peroxidase-coupled swine anli-rahhit immuno- 
globulins (Dako a s. Ciiosirup. Denmark). 

■ Measurement of ATP. The generation ol ATP in pressure-germinated spore 
suspensions was analyzed by using a liretly lueilerase assay (HY-Li'n.i: Merck. 
Darmstadt, (iermany). The A TP content of germinated spores was expressed as 
ihe ratio of ihe number of relative light units alter germination to the number ol 
relative light units helore germination. 

Keprixjueihilitx of results. All experiments were done al least in triplicate. The 
dala presented are either means ol three replicate experiments or from a single 
representative experiment. 



RKSULTS 

Germination and inactivation of H, subtilis spores bv high 
pressure. To study the pressure dependence of spore germi- 
nation in B. subtilis spores, spore suspensions were subjected to 
ditlerent constant pressures (100 to MX) MPa) at 40°C for 30 
min. Germination and inactivation were determined by platinu 
heat-treated and unhealed spore suspensions. The fraction of 
ungerminated spores was almost independent (r0.5 iog unit) 
of pressure in the pressure range studied ( Fig. 1 ). However, the 
fraction of survivors showed a minimum af around 200 MPa, 
while at >400 MPa there was almost no inactivation in spite of 
considerable germination. This suggested that spores germi- 
nated at high pressure would be less sensitive to pressure than 
those germinated at low pressure. At UK) MPa. we also ob- 
served considerable germination but negligible inactivation. 
However, in this case, the most likely explanation is that a 
pressure of 100 MPa is too low to have a lethal effect on the 
germinated spores, since this level of pressure is also generally 
insufficient to kill vegetative bacteria (4. 20). 

Jn the next set of experiments, we tried lo conlirm the dif- 
ferent pressure sensitivities of spores izerminated al low and at 
high pressures, and we compared the sensitivities of these ger- 
minated spores to some other lethal agents. 

Sensitivity of spores germinated at low versus high pressure, 
(i) Pressure sensitivity. The sensitivity of spores germinated at 
100 and 500 MPa for 30 min to an increase in pressure to 6(H) 
MPa for 10 min was investigated. Pressure was not released to 
atmospheric pressure before the upshift. Approximated the 
same level of germination was reached al 100 and 5tX) MPa. 
and the upshift lo nU) MPa caused little or no additional ger- 
mination in either case. However, spores germinated at 100 MPa 
were very sensitive to inactivation al MX) MPa. while spores 
germinated al 5(H) MPa remained almost unaffected (Table 1). 
This result confirmed that while the same level of germination 
was obtained ;tt low (100 MPa) and high (5(H) to 600 MPa) 
pressures, the germinated spores obtained under both condi- 
tions diliered in sensitKiiv to pressure killine. 

fiii Heal sensitivity. Germination renders spores sensitive to 
heat. While ungcrmimited spores survived treatment at K0°C 
for 15 min (results not shown), pressure-germinated spores 
were rapidly inactivated at 55 D C (Fig. 2A). However, there was 
no significant difference in. the inactivation rate at 55°C for 
spores germinated at 1(X) or 6(X) MPa. 

Decimal reduction times could not be calculated because 
inactivation did not proceed according to first-order kinetics. 

(iii) Hydrogen peroxide sensitivity. Innervation of ungermi- 
n;ited spores ;md spores germinated at KM) and f>(X) MPa in 0.4 
M H : Q : was monitored for II) min (Fig. 2B). The viability of 
the ungerminaled spores was not reduced by this treatment. 
The l(K)-MPa-germinaied spores were inactivated significantly 
faster (decimal reduction lime I) - 4.1 r 0.4 min) than the 
600-M Pa-germinated spores (D = 14.7 r 2.1 min). at least 
during the first N min. After that, a fraction of more resistant 



TABU: I. Sensitivity of //. subtilis spores to a pressure of 
o(X) MPa after pregerminalion at 100 or 5(H) MPa 

Pressure treatment percent ape nl: 

IMPii) (lime (mini) <■ ■ • ~ : ; 

Su rvivm^. spores tlnuerminateil spores 

MM) (30) 0M2 | r) 

KNI (30) MM) (111) -|. S3 - "> M 

500(311) 1.47 _J 4<S 

500 (30) t o(H) (1(1) J.3N _ | |ij 
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FIG. 2. Inactivation by heat (55°C) (A), hydrogen peroxide (0.4 M) (B). or 
UV lighl (C) of ungerminaled B. subtilis spores (□) and spores germinated at 1 00 
(A) and 600 (•) MPa. 

cells (log % CFU = 0.I6) remained in the 100-M Pa-treated 
suspension, that was still 10 times larger than the fraction of 
ungcrminated spores (log % CFU = -0.83). Thus, spores ger- 
minated at 100 MPa are more sensitive to H 2 0 : than arc those 



germinated at 600 MPa, except for a small fraction that re^ 
mains rather resistant in spite of being germinated. 

(iv) UV sensitivity. Ungcrminated spores were inactivated by 
UV treatment after a lag phase of 2 min (Fig. 2C). Spores 
germinated at 600 MPa did not show a lag phase but were 
more resistant to UV than were the ungcrminated spores after 
their lag phase. The inactivation of spores germinated at 100 
MPa occurred at a very high rate during the first 30 s (2-log 
CFU decrease) and then continued at approximately the same 
rate as for the 600-MPa-germinatcd spores. As was the case 
with the FkCh inactivation, the more UV-resistant fraction of 
spore populations treated at 100 MPa (log % CFU = -0.03) 
was larger than the fraction of ungcrminated spores (log % 
CFU = -0.56). 

Physiological processes during pressure-induced germina- 
tion at low versus high pressure, (i) Release of DPA. DPA 
release from the spores was measured after pressure-induced 
germination at 40°C for 60 min at 100 and 600 MPa. Consid- 
erable DPA release occurred with both treatments, but a slight- 
ly higher value was noted for the 1 00-MPa treatment (97.5% of 
the total spore DPA content) than for the 600-MPa treatment 
(87.0% of the total spore DPA content). Since the percentage 
of ungcrminated spores was less than 0.1% in both cases, this 
difference was not due to a difference in germination efficiency. 

(ii) Degradation of SASPs. The degradation of SASPs dur- 
ing pressure-induced germination was studied by immunoblot 
analysis of spore suspensions subjected to pressure treatment 
at 100 or 6(H) MPa and 40°C for 60 min (Fig. 3). 

After pressure treatment at 100 MPa. no a/fi-type SASPs 
were found in the HCI extracts, while a low level was found in 
the acetic acid extracts. However, after pressure treatment at 
600 MPa. u/P-type SASPs were found in the HCI extracts and 
in the acetic acid extracts. The. amount of o,'P-type SASPs in 
the acetic acid extracts was much greater after, the 600-MPa 
treatment than after the 100-MPa treaiment. 

No vtype SASPs were found in the HCI extracts or in the 
acetic acid extracts after pressure treatment at 100 MPa, while 
after treatment at 600 MPa, -y-lypc SASPs were found in both 
extracts. 

Since both pressure treatments resulted in a high level of 
germination (>95%), we can conclude that -v-type SASPs and 
most of the a/p-type SASPs are degraded in spores germinated 
at 100 MPa, while SASP degradation is inhibited or delayed in 
spores germinated at 6(H) MPa. 

A noteworthy observation that was made in these experi- 
ments concerns the extraction of the SASPs. As can be seen in 
Fig. 3, the major amount of SASPs from ungcrminated spores 
was extracted in the first extraction with HCI and only a minor 
amount was extracted subsequently with acetic acid. For ger- 
minated spores in contrast, the acetic acid extract contained 
the greatest amount of SASPs. Therefore, the SASP contents 
of spores before and after germination should not be quanti- 
tatively compared by these methods. 

(iii) Generation and subsequent consumption.^ ATP. Im- 
mediately after pressure treatment, i.e., 10 min after pressure 
release, ATP levels in spore suspensions treated at 100 MPa' 
were considerably increased (35-fold-increascd luminescence 
signal) compared to those of untreated suspensions, whereas 
no change in ATP levels was found after treatment at 600 MPa. 
During further storage in potassium phosphate buffer, the ATP 
content in spores germinated at 100 MPa decreased rapidly 
during the first hour after prcssurization and stabilized at a 
value about sixfold the value for ungcrminated spores. In spores 
germinated at 600 MPa, the ATP content increased very slowly 
after prcssurization, being about doubled after 200 min. 
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The role of SASPs in the pressure resistance of spores. The 
finding thai SASPs arc not degraded upon germination at 600 
MPa can explain the higher UV and H 2 0 2 resistance of 600- 
MPa-gcrminated spores compared to spores germinated at HK) 
MPa (see Discussion) hut may also explain the higher pressure 
resistance of the former. To investigate this hypothesis. B. sub- 
tiUs PS832 (wild type). PS356 (SASP a ' p ), PS4S3 (SASP y' ). 
and PS4S2 (SASP a P" y ) spore suspensions were subjected 
to pressure treatment at 600 MPa and 40°C for 120 min. Ger- 
mination and inactivation were determined by plating heat- 
trcatc&and unhealed spore suspensions (Table 2). All of ihe 
strains showed a high level of germination (log r /< CFU = -3). 
while high-pressure inactivation of the SASP « p -mutant 
and the SASP o p -y -mutant was significantly (/' < 0.05) 
higher than inactivation of the wild type and the SASP 7 - 
mutant. Thus, u/p-typc SASPs seem to provide some protec- 
tion from high-pressure inactivation of germinated spores. 

DISCUSSION 

It has been reported by several groups in the 1%0's and 
1970s that under particular conditions, the inactivation of bac- 
teria! spores by high pressure occurs faster at moderate pres- 
sure (200 to 300 MPa) than at high pressure (>500 MPa) (5. 7, 
19). Since a similar pressure response was also, in many cases 
(particularly at temperatures below 35°C), observed for pres- 
sure-induced germination, a model was proposed in which 
pressure would cause spores to germinate and lose their pres- 
sure resistance, and the germinated spores would subsequently 
be inactivated by pressure. However, some of the reported 
data did not support this simple model. For instance, at 45 to 
55°C. germination of H. coagulant increased with pressure with- 
out showing a maximum, whereas inactivation decreased at 
pressures above 200 to 300 MPa («, 20). Apparently, high pres- 
sure did noi inactivate all of the spores it caused to germinate. 

In this work, we have observed a similar discrepancy* for 
B. suhtilis. At 4()°C. the degree of pressure-induced germina- 
tion was roughly constant between 100 and 600 MPa. while 



TABU: 2. Inactivation and germination of spores of ft. suhtilis 
SASP mutants after pressure treatment for 
120 min at MX) MPa and 40°C 



Strain 


Li 


g percentage 


Surviving spuria 


Ungerminated spores 


PS832 (wild type) 


0.60 ± 0.3 


-2.9 £ 0.3 


PS356 (SASPa (3 ) 


-0.36 s 0.3 


-3.3 r 1.0 


PS483 (SASP y ) 


0.55 i 0.3 


-3.1 ± 0.2 


PS4K2(SASP« 0 y ) 


-0.S0 - O.d 


-3.K 1 0.5 



inactivation was maximal at 2(M) MPa (Fig. ]) and almost non- 
existent at 600 MPa. Sensitivity of pressure-germinated spores 
to inactivation by high pressure (600 MPa) was subsequently 
shown to depend on the pressure used to induce germination. 
Spores germinated at low pressure (100 MPa) were much more 
sensitive to pressure inactivation at 6(K) MPa than were spores 
germinated at a higher pressure (51X1 MPa) (Table I ). This can 
only be explained hy postulating a difference in the germina- 
tion process occurring at 100 versus 500 or 600 MPa. leading to 
qualitatively different germinated spores. 

Nutrient-induced germination has been well described and 
entails a complex chain of events, leading gradually to more- 
sensitive spores (Fig. 4) (15. I 1 ). 22. 23. 25). To identify which 
events occur during pressure-induced germination, the sensi- 
tivity of the 1(H)- and 6IKI-M Pa-germinated spores to a number 
of lethal agents was further investigated, as well as the physi- 
ological processes occurring during pressure-induced germina- 
tion at UK) and 600 MPa. For heat sensitivity, no significant 
differences were observed (Fig. 2A). Since the most important 
factor believed to determine spore heal resistance is the hy- 
dration of the core (25). this result suggests that spores ger- 
minated at different pressures have been hydrated to similar 
degrees. 

On the other hand, spores germinated at 100 MPa were* 
much more sensitive to both hydrogen peroxide and UV light 
than; were spores germinated at MX) MPa (Fig. 2B and C). Since 
the u/p-type SASPs protect spore PNA from various types of 
damage caused by UV light and hydrogen peroxide (15, 23- 
25). these results are in agreement with the rinding that SASPs 
are degraded in KKI-MPa-germinated .spores huT not in 600- 
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FIG. 4. Scheme *if events occurring during nutrient-induced germination 
(compiled from references 15. P>. 22. 23. and 25 and our own 'results) As 
.indicated hy the dotted lines, our results suggest th.it MM)- MPa treatment causes 
an incomplete germination process. Ol). optical density; CI-AK. iilucosc. fruc- 
tose, asparagine. and potassium. 



MPa-gerrninated spores (Fig. 3). A possible explanation for the 
absence of SASP degradation during pressure-induced germi- 
nation at 600 MPa is that the germination protease that is 
responsible for SASP degradation (24) may be inactivated at 
high, pressure. 

U V resistance of spores is known to be also affected by DPA. 
DPA was shown to sensitize spore DNA to UV light-induced 
mutations (22). During nutrient-induced germination, spores 
lose DPA before SASPs arc degraded, which explains why spores 
in the intermediate germination stage are more resistant to 
UV 7 light than are dormant spores (24). The release of DPA 
together with the inhibition of SASP degradation upon pres- 
sure-induced germination at 600 MPa then explains why 600- 
MPa-gcrminatcd spores arc more resistant to UV light than 
are ungcrminatcd spores (Fig. 2C). 

■ Finally, the finding that 600-MPa-germinated spores arc 
more sensitive to hydrogen peroxide than arc ungerminated 
spores (Fig. 2B) may be related to the hydration of the core of 
600-MPa-germinated spores (18). 

An interesting issue is the high-pressure inactivation resis- 
tance of the 600-MPa-germinated spores compared to the 100- 
MPa-germinatcd spores. One of the prime reasons for the re- 
sistance of .dormant spores to high-pressure inactivation (at 
low temperature when no germination takes place) is believed 
■ to be the dehydrated state of the core (6, 27). Spore minerali- 
zation has also been demonstrated to influence spore heat re- 
sistance (3) and pressure-induced germination (2). but its role 
in pressure resistance remains unclear. Another possibility that 
was investigated here is that pressure resistance in the 600- 
MPa-trcated spores would be caused by SASPs, which arc not 
degraded under this condition. The results from a comparison 
of the pressure resistances of spores from various SASP-dcfi- 
cicnt mutants (Table 2) suggest a slight but significant contri- 
bution of a/p-type SASPs to pressure resistance in 600-MPa- 
germinatcd spores. 7- type SASPs appear to play no role. Other 
factors than the a/p-type SASPs are likely to be involved be- 
cause the mutants lacking a/fi-type SASPs were still more re- 
sistant to 600-MPa treatment than were wild-type spores prc- 
germinated at 100 MPa. 

Whatever the reasons for their high-pressure inactivation re- 
sistance, the observation that the 600-MPa-germinated spores 
arc at the same time very heat sensitive but pressure resistant 
is remarkable in its own right, because vegetative bacterial cells 
have been generally assumed to be necessarily heat and pres- 
sure sensitive (6, 12, 14). Our results reported here, together 
with results reported earlier for Escherichia coli (9), strongly 
suggest that there is no necessary link between heal and pres- 
sure resistance, and this may have important consequences for 
the use of high pressure as a nonthermal preservation process. 

The lack of SASP degradation may indicate that the germi- 
nation process that is initiated at 600 MPa is arrested at some 
early stage. Further evidence supporting this view was found by 
studying the generation of ATP during germination. During 
the first minutes of nutrient-induced germination, ATP is syn- 
thesized from 3-phosphoglycerate that is present in the dor- 
mant spore (25). Pressure-induced germination at 100 MPa 
was also accompanied by rapid ATP generation, while no ATP . 
formation was detected during pressure-induced germination 
at 600 MPa. Taken together with the results from SASP deg- 
radation, this indicates that pressure-induced germination at 
100 MPa initiates a number of enzymatic reactions in a similar 
way as during nutrient-induced germination. During 600-MPa 
germination, at least two of these enzymatic reactions do not 
occur, and a possible explanation is that some key enzymes are 
inactivated at high pressure. 
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